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ALLOCUZIONE INTRODUTTIVA 


Colleghi, 


debbo l’onore di presiedere questa riunione al fatto di essere uno dei po- 
chi chimici italiani superstiti del tempo in cui la chimica italiana si affac- 
clava, con rinnovate idee, nel campo dei complessi. Lo debbo anche alla for- 
tuna di essere ancora attivo nella ricerca. Sono percid qualificato per porgervi 
il benvenuto cordiale dei chimici italiani (utti, e particolarmente di quanti 
si dedicano ai problemi della chimica teorica e sperimentale che ai composti 
di coordinazione si riconnettono. 

Vi esprimo in anticipo la nostra gratitudine per il contributo che recate 
qui agli studi cui ci dedichiamo. Ogni progresso, ogni conquista del pensiero 
scientifico odierno sono piit che mai il risultato di un’opera collettiva di ricer- 
catlort di ogni grado e di ogni paese. 

Per collaborare necessita perd conoscersi, non soltanto come singole per- 
sone, ma anche come collettivita operante. Consentitemi a questo fine un breve 
richiamo storico riguardante soprattutto il mio Paese. 


Colleghi, 


sono decorsi circa 55 anni da quando A. Werner enunciava la teoria della 
coordinazione. Lo sviluppo da allora é stato immenso. I complessi hanno ec- 
citato le indagini che condussero alle moderne teorie sulle valenze, hanno re- 
cato a quella profonda revisione delle strutture dei composti inorganici che é 
tuttora in atto. 

Dinanzi alla vastita e molteplicita delle manifestazioni det composti 
di coordinazione, fin dal 1869 G. W. Blomstrand avvertiva che 

« Es ist die Hauptaufgabe der neueren Chemie geworden, die friiher mehr 
«oder minder entschieden molekular aufgefassten Verbindungen atomisch 
«d. h. aus der Sdttigunskapazitat der Grundstoffe zu erklaren ». 

E’ questo il motto che A. Werner premetteva alla I° edizione delle « Neuere 
Anschauungen » nel 1905. 

Il vastissimo capitolo dei composti di coordinazione costituisce oggi an- 
che un grande ponte fra l'inorganica e l’organica, ma alle origini si muove 
nel campo dell’inorganica. 


A. Werner, nel 1893, si basa sulla gid ragguardevole mole dei com- 
plessi cobaltici, che sopratutti S. M. Jorgensen aveva individuati con una 
opera di oltre trent’anni. Si basa anche sui complessi del platino che erano 
stati oggetto gia allora di ricerche da parte dei diversi noti A.A. da quasi cin- 
quant’annt. 

La posizione dell’Italia é singolare. In effetto, nella prima meta del 
XIX secolo gli italiani sono quasi assenti nell’inorganica. La stessa_ sco- 
perta di Volta non eccitd ricerche chimiche degne di rilievo. Gli italiani non 
parteciparono alla grande scalata dell’inorganica operata sopra tutti da J. 
Dawy con lelettrolisi. 

Pit tardi, nel 1870, abbiamo la geniale definizione dei pesi atomici di 
S. Cannizzaro, che fu strumento decisivo in mano di Mendeleieff, ma in Ita- 
lia non contribui a suscitare la ricerca nell’inorganica. Cannizzaro stesso si 
dedicava all’organica. 

In quest’epoca, nel campo dell’inorganica, fertile di tante scoperte, nulla 
o quasi abbiamo da opporre di significativo all’opera di Raffaele Piria e di 
Cesare Bertagnini, che furono grandi chimici organici. E” fuori dubbio: la 
mentalita chimica é stata, come lo é tuttora, attratta maggiormente dai com- 
posti organici. Oggi, questo rientra in un indirizzo universale, ma allora co- 
stitui una remora alle affermazioni nostre, sopra tutto nel campo della chi- 
mica teorica generale. 

Invero, verso il 1885 si affermé un chimico geniale, che si dedico all’ inor- 
ganica ed ai complessi: Alfonso Cossa, oggi quasi dimenticato dagli stessi 
italiani. Sono perd ben noti la base di Cossa, i sali delle cosidette plato-se- 
miammine da lui definiti. Ma questo ricercatore sagace lasciava presto i com- 
plessi attratto da problemi di, petrografia, di chimica agraria, di agraria. 

Pitt tardi si affaccia in Italia un chimico che rimane invece fedele alla 
ricerca ed all’inorganica per tutta la vita: Augusto Piccini. I suoi lavori 
sono ben noti ; particolarmente la serie degli allumi con cui fissava la triva- 
lenza instabile di diversi metalli della prima serie di transizione. Ma gli com- 
pete, nella chimica dei complessi, un posto di primo piano con i perosso- 
fluosali del titanio e con la ricognizione generale sui perossidi. Fu uno dei 
pit acuti commentatori ed anche revisori del sistema periodico. Egli sentiva 
Pantitesi, allora viva in Italia, fra inorganica ed organica, fra inorganici ed 
organici ; e chiudendo un suo mirabile commento al sistema periodico, quasi 
alla fine della sua vita, scriveva con amarezza : 

« Il chimico inorganico é quello che ama dello stesso amore tutti gli ele- 
menti e non un elemento solo ». 

L’esagerazione evidente del giudizio attesta in effetto il disagio dei nostri 
inorganici di allora. Si sentivano come sopraffatti dai chimici organici pre- 
dominanti. Non avvertivano perd che dallo stesso profondo, molteplice trava- 
glio dell’organica sarebbero scaturite per larga parte le concezioni moderne 
sui complessi e le valenze, 


Quando nel 1905 Piccini moriva, gia si erano imposte le due piit grandi 
scuole chimiche che I’ Italia abbia avuto dal 1890 al 1915 e che apparivano 
sopratutto scuole di organica, quella di Giacomo Ciamician ; quella di Angelo 
Angeli. Piit vasta la prima, se anche piii schiettamente organica, sviluppatasi 
all’avvio dal riconoscimento della struttura del pirrolo ; meno organica la se- 
conda, mossa dai composti ossigenati injeriori dell’azoto, dalla nitroidrossi- 
lammina e sopratutto dal radicale nitrossile, individuato con un chimismo 
che investiva tutta o quasi la chimica dei composti azotati a calene di azoto. 

In quegli anni, aulici per la chimica italiana, dopo il 1890, si afferma 
anche il maggiore dei chimici inorganici che I’ Italia abbia espresso: Arturo 
Miolati. Egli emigra dalla natia Mantova a Zurigo, dove si laurea in inge- 
gneria chimica. Incontra Alfredo Werner quando questi formula la leoria 
della coordinazione e collabora atlivamente col giovane maestro (Miolali 
era nato nel 1869, Werner nel 1866). Siamo nel momento decisivo. I primi 
lavori di Werner e Miolati sono del 1893. Appare il classico diagramma delle 
conducibilita limiti delle serie delle platiammine. 

La collaborazione era stata fervida: la prima edizione della« Neuere 
Anschauungen » Werner la dedicava a Miolati «a ricordo del comune la- 
voro giovanile », La dedica é scomparsa nelle successive edizioni curate da 
P. Pfeiffer, dopo la morte prematura di Werner, ma l’opera di Miolati é ri- 
masta. 


Non mi é dato ora di sostare sui lavori di Miolati, passato da Zurigo a 


Roma, presso Cannizzaro. Ricorderd soltanto la serie degli acidi-idrosso- 
alogenoplatinici, le strutture degli eteropoliacidi. 

Miolati con gli anni sembro allonianarsi dai complessi. Con la guerra 
del '15, come non pochi di noi, venne chiamato allo studio dei problemi tec- 
nici, fra cui quelli chimico-fisici della sintesi dell’ammoniaca attuata da 
L. Casale. Ma il Maestro ritornd ai grandi problemi della valenza, dei radi- 
cali, cui si dedicd fino all’estremo delle sue forze. 

Devo richiamare le scuole di organica. Giacomo Ciamician era organico 
sommo, ma era stato sempre vigile al movimento della chimica generale e 
della chimica teorica. Aveva seguito Arrhenius, Van t Hoff, Ostwald, Nernst 
come pochi altri chimici dell’epoca. Egli tenne dal 1890 al 1915 un corso di 
lezioni di chimica generale e inorganica fra i pitt vasti ed aggiornati. 

Chi vi parla, nel 1902, studente di primo anno, apprese te teorie della 
dissociazione elettrolitica in ogni dettaglio dalla parola del Maestro, che nel- 
l'esporla, a commento, ricordava le sue idee originali sulla solvatazione degli 
ioni. Pit oltre nel corso di lezioni faceva apparire, come su un grande 
scenario, la teoria della coordinazione e le varie classi dei complessi, le prime 
verifiche degli stereoisomeri. Alcuni di noi, pitt che da ogni altra fonte, 
da questa trassero l’ispirazione alla ricerca nel campo della inorganica e det 
complessi. 

Non posso nemmeno dimenticare che in quegli anni operava fra noi, 


a Bologna, fervido, con il brillante ingegno proteso a tutti it problemi della 
chimica teorica, Giuseppe Bruni. Egli é annoverato nella letteratura quale 
primo nel formulare la struttura chelata dei sali rameici degli «-ammino- 
acidi. Ma a noi giovani interessavano assai piit le discussioni generali; e 
ricordo tuttora quella sulla allora recente teoria di Abegg e Bodlander sulla 
elettroaffinita determinante gli ioni complessi. Noi sequivamo Abegg, contro 
lo scetticismo di W. Nernst, che aveva giudicato non essere lelettroaffinita 
una grandezza definibile ed accessibile. 

Ma l’ambiente italiano subiva un’altra influenza profonda, se anche non 
a tutti manifesta ; Angelo Angeli, fra il 1895 e il 1915, é fra i pionieri nel 
riconoscimento dei radicali semplici azo-ossigcnati. Al fondo della sua opera 
indefessa troviamo sempre i problemi della reattivita e delle intime strutture 
degli aggruppamenti azotati. Quasi alla fine della sua vita, egli individua 
quella regola detta della « trascurabilita del nucleo benzenico » tnterposto 
fra due radicali orto- e para-sostituenti, e allora per via chimica precisa 
quella che chiama la « conducibilita chimica » delle catene non sature etile- 


niche e polieniche. E il primo riconoscimento delle risonanze elettroniche 


che la quantomeccanica in breve doveva verificare e precisare. 

Da questo substrato profondo, da uomini che in apparenza operavano 
in campi fra loro lontani, dal 1925 in poi si sono eccitate, poi affermate le 
scuole italiane che oggi si occupano dei composti di coordinazione, delle strut- 
ture, delle affinita e valenze in essi manifestantesi. 

Non intendo di certo in questo momento specificare, ma vi diro che la 
Scuola di Roma, oggi diretta con veggenza e fervore da Vincenzo Cagliotti, 
ha le sue radici lontane nell’opera di Miolali e si ricongiunge a quella di Ni- 
cola Parravano che di Miolati fu discepolo. 

L’ Istituto Chimico di Bologna, denominato Giacomo Ciamician, dove 
si é svolta e si svolge tuttora la nobile opera di Giovanni B. Bonino, oggi ri- 
volta anche ai complessi, é ancora tutto pervaso dallo spirito del grande cui 
é intitolato. 

A Padova ferve pure instancabile la ricerca di validi discepoli di Arturo 
Miolati e di Giuseppe Bruni, che lo precedette per circa un decennio. 

L’ Universita di Milano é sede di quella Scuola che dirigo, dove agisce 
instancabile Lamberto Malatesta che, con originalita propria e indipendenza 
di idee, prosegue nella via che ho tracciato e nella quale, all'inizio, mi ispird 
l'opera del mio Maestro Angeli. 

Al Politecnico di Milano opera Giulio Natta che dilata e rinnova il campo 
degli alti polimeri, avvalendosi e dei composti di coordinazione e di quella 
strutturistica cui si dedicd nelle sue prime ricerche, sequendo la traccia di 
Giuseppe Bruni che gli fu Maestro. 

Il quadro delle nostre ascendenze e della nostra attuale organizza- 
zione di uomini e di cose che vi presento, non si esaurisce nelle grandi linee 
che ho tracciato. Si sono affermati e si affermano in diverse nostre Universita 


giovani ricercatori e noi guardiamo ad essi ; attendiamo Il’opera loro. Poiché 


nessuna organizzazione anche scientifica pud evolversi senza il rinnovo 
incessante degli uomini di ogni grado che vi operano. 

Aggiungo che della nostra scena noi scorgiamo le luci ma anche le om- 
bre. Valutiamo quanto di duraturo abbiamo prodotto e quanto potra decadere. 
Coscienti delle nostre molteplici difficolta la nostra volonta di superamento 
é ferma. 


Signori, 


questa é I’Italia chimica che vi da il benvenuto per mio tramite. Alle 
ombre fosche che oscurano l’orizzonte d’ Europa e del mondo, noi opponiamo 
la nostra aspirazione millenaria alla comunione universale dei popoli, « 
dalla stessa vostra presenza traiamo lauspicio della mutua collaborazione 
internazionale per il divenire della nostra civilta. 


Livio CAMBI 


15 settembre 1957. 
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Tetraedrische Nickelkomplexe und die ihre Bildung verursachenden Faktoren 


SCHAFFER C. E., JORGENSEN C. K. — The nephelauretic series of ligands correspon- 
ding to increasing tendency of partly covalent bonding 


La serie «nefelaussetica» dei leganti al crescere della tendenza del legame purzialmente covalente 
La série néphelauxétique des ligands correspondant a la tendance d’accroissement de la liaison 
partiellement covalente 

Nephelauzetische Seric der Liganden einer steigernden Neigwng zu partial-kovalenier Bindung 
entersp rechend 
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ScHAFFER C. E. — Some examples of different spectroscopic and magnetic pro- 
perties connected with the chromium (III) - oxygen bond 
Alcuni esempi di diverse proprieta spetiruscopiche e magnetiche del legame cromo (111)-ossi- 


geno 
Quelques exemples de certaines propriétés spectroscopiques el magnétiques de la liaison chro- 


me (II11)-oxygéne 
Einige Beispiele der verschiedenen spektroskopischen und magnetischen Folgen der Chrom (111) 


Sauerstof] bindung 


Favini G., Pacuia E. — Spettri di assorbimento di alcuni complessi cobaltosi e 
cobaltici dipiridilici e fenatrolinici 

Absorption spectra of some cobalious and cobaltic complexes of dipyridyl and phenantroline 

— Spectres d’absorption de quelques complexes cobalteu2 cobaltiques dipyridyliques et phénan- 


troliniques 
- Absorptionsspektren einiger Kobalto-und Kobaltikompleze des Dipyridyls und Phenantrolins 


SEZIONE IIL. 
II. Section II. Division Il. Abteilung 


STEREOCHIMICA — REAGIBILITA — COSTANTI DI STABILITA 


Stéréochimie, Réactivité, Constantes de stabilité 
Stereochemistry, Reactivity, Stability constants 
Stereochemie, Reaktions{dhigkeil, Stabilitatskonstanten 


Conferenze Generali 


Conférences générales Introductory lectures Aligemeine Vorlesungen 


BaiLar J. C..— Some problems in the stereochemistry of coordination compounds 


Alcuni problemi nella stereochimica dei composti di eoordinazione. 
Quelques problémes de la stéréochimie des composés de coordination. 
Einige Probleme in der Stereochemie der Koordinationsverbindungen 


S1tLtén L. G. — Stability constants 


Costanti di stabilita 
Constantes de stabilité 
- Stabilitdiskonstanten 


Sartori G. — Polarography of metal complexes 


Polarografia dei complessi metallici 
Polarographie des complexes métalliques 
Polarographie der Metallkomplexre 


Comunicazioni 


Communications Communications Mitteilungen 
Baso.o F., Messinec A. F., Wi_ks P. H., Wi_krns R. G., PEARSON R. G. — Me- 


chanisms of exchange and substitution reactions in platinum (1V) complexes 
Meccanismi di scambio e reazioni di sostituzione nei complessi di platino (1V) 
Mécanismes d’échange et réactions de substitution dans. les complexes de platine (1V) 
Austauschvorgdnge und Sutstitutionsreaktionen in Plat (1V) Komplezen 
ADAMSON A. W., SporeR A. H. — Photochemical reactions of some Co(III) and 
Cr(1II) complexes 


- Reazioni fotochimiche di alcuni complessi di Co(111) del Cr(ill) 
- Réactions photochimiques de quelques complexes de Co(1II) et de Cr(1II) 
— Photochemische Reaktionen einiger komplexe des Co(III) und Cr(III) 
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Saccon! L., LomBarpo G., Pao.etti P. — The thermodynamics of the interac- 
tion between heterocyclic bases and biacetylbisbenzoylhydrazonenickel (II) as a 
reference acceptor in benzene solution 


La termodinamica dell’interazione tra basi eterocicliche e il biacetilbisbenzoilidrazonenichel (11) 
come accettore di riferimento in soluzione benzenica 

La thermodynamique de interaction entre les bases hétérocycliques et le diacétylbisbenzoylhydra- 
zonenickel (II) en solution benzénique 

Die Thermodynamik der Wechselwirkung zwischen heteroryklische Basen und diacetylbisben- 
zoylhydrazonnickel (II) in Benzenlésung 


Carassit1 V. — Optical isomers and asymmetrical agents 


Isomeria ottica e agenti asimmetrici 
Isomérie optique et agents asymmetriques 
Optische Isomerie und asymmetrische Agenzien 


GREENWOOD N. N. — The ionic properties and thermochemistry of addition com- 
pounds of gallium trichloride and tribromide 


Proprieta ioniche e termochimiche dei composti d’addizione del tricloruro e tribomuro di gallio 
Les propriétés ioniques et la thermochimie des composés d’addition du trichlorure et du tribromu- 
re de gallium 


Die ionischen Eigenschaften und die Thermochemie der Additionsverbindungen von Gallium- 
trichlorid und Galliumtribromid 


GROENEVELD W. L., Zuur A. P. — The system AICI,- POCI, 
Il sistema AICI, - POCI, 
Le systéme AICI, - POCI, 
Das system AICI, - POCI, 


GROENEVELD W. L., Visser J. H., Szuter A. M. J. H. The compound 
P,NCl, 


Il composto P,NCI, 
Le composé P,NCI, 
Die Verbindung P,NCIl, 


CamBI L., PaGuia E. — Cianuri di cobalto dipiridilici e fenantrolinici 
Cyanures de cobali dipyridyliques et phénantroliniques 
Dipyridylic and phenantronilic cobalt cyanides 
Dipyridylische und phenantrolinische Kobalicyanide 


FiscHER E. O. — Neuere Ergebnisse an Aromaten-metall-carbonylen 


Nuovi risullati oftenuti sui metallocarbonili aromatici 
Nouveaux résultats sur les carbonyles métalliques aromatiques 
New results on aromatic metal carbonyls 


MALATESTA L., ANGOLETTA M. -- New iridium carbonylderivatives. Preliminary 
communication : potassium chloro-and bromocarbonyliridiates 
Nuovi derivati carbonilici dell’iridio; comunicazione preliminare: cloro e bromo carboniliridati 
di potassio 


Nouveaux dérivés carbonyliques de l'iridium ; communication préliminaire : chloro-et bromo- 
carbonyliridiates de potassium 


Neue Karbonylderivate des Iridiums: Vorbericht: Kaliumchlor-und Kaliumbromkarbonyliridiate 


FLETCHER J. M. Complexes derived from (RuNO) III and Ru IV 
Complessi derivati da (RuNO) Ill e Ru IV 
Complexes dérivés de (RuNO) III et Ru Iv 
Aus (RuNO) III und Ru lV abgeleitete Kompleze 


VALLARINO L. — Carbonyl compounds of trivalent rhodium with aromatic phosphi- 
nes, arsines and stibines 
Composti carbonilici d‘ rodio trivalente con le triarilfosfine, triarilarsine e triarilstibine 
- Complexes corbonyliques du rhodium trivalent avec les triarylphosphines, triarylarsines et tria- 
rylstibines 
Komplexverbindungen des dreiwertigen Rhodiums mit Triarylphosphinen, Triarylarsinen und 
Triarylstibinen 


DyrssEN D. — Recent investigations on extractable metal complexes 


Recenti ricerche sui complessi metallici estraibili 
—— Recherches récentes sur les complexes métalliques extractibles 
— Neue Untersuchungen uber extrahierbare Metallkompleze 


FAIRBROTHER F., Ropinson D., Tayiorn J. B. — Some water-soluble complexes 
of pentavalent niobium and tantalum 
- Alcuni complessi idrosolub‘li del niobio e tantalio pentavalenti 


Quelques complexes hydro-solubles du niobium et du tantale pentavalenis 
Einige wasserlésliche Komplexe des fiinjwertigen Niobiums und Tantals 


SCHWARZENBACH G., MEIER J. — Formation and investigation of unstable 
protonation and deprotonation products of complexes in aqueous solution 


Formazione e indagini su prodotti instabili di protonazione e deprotonazione dei complessi in 
soluzione acquosa 

Formation et étude des produits instables de protonation et déprotonation des complexes en solu- 
tion aqueuse. 

Bildung und Untersuchung von unbestandigen Protonations-und Deprotonationsprodukten von 
Komplexverbindungen in wdsseriger Lésung. 


BJERRUM J., JORGENSEN E. — Kinetic studies of the aquation of chromium (111) 
amumines 
Studi cinetici sulla acquazione delle ammine di cromo (111) 


- Etudes cinétiques sur l'aquation des amines de chrome (111) 
Kinetische Untersuchungen tiber die Aquatisierung von Chrom (111) aminen 


ScHLAFER H. L., Kune O. — Die Aquotisierung von (Cr en,* in wdssriger per- 
chlorsaurer Lésung 


L’acquazione del (Cr en,)*+ in soluzione acquosa di acido perclorico 
L’aquation du (Cr en,)*+ en solution aqueuse d’acide perchlorique 
— The aquation of (Cr ens)*+ in an aqueous solution of perchloric acid 


CaBANI S., Scrocco E. — New method for the determination of the stability con- 
stants of coordinatlién compounds 


— Su di un nuovo metodo per la determinazione delle costanti di stabilita dei composti di 
coordi nazione 
Une nouvelle méthode pour la détermination des constantes de stabilité des composés de coordi- 


nation 
Ueber eine neue Methode fir die Bestimmung der Stabdilitdiskonstanten der Koordinationsver- 


bindungen 


JANSSEN M. J. — The stability constants, solubilities and solubility products of com- 
plexes of copper with dialkyldithiocarbamic acids 


Costanti di stabilita, solubilita e¢ prodotti di soludilita dei complessi del rame con acidi dialchil- 
litiocarbamici 

Constantes de stabilité, solubilité et produits de solubilité des complexes de cuivre avec les acides 
dialkyldithiocarbamiques 

Stabilitdtskonstanten, Léslichkeiten und Léslichkeitsprodukte von Kupfer mit Dialkyldithiokar- 


baminsduren 


Satni G., OsTACOLI G Some complexes of azide ion with metal ions in solution 
Studio di alcuni lessi di ioni metallici con lo ione azotidrico in soluzione 
Quelques complexes d’ions métalliques avec l'ion azothydrique en solution 


Uber einige Met menkomplexe mit dem Azidion in Lésung 


lyrrew H. J. V., Scaire D. B. — The formation constants and standard entropies 
{ the complex ions HgBr,;~, HgBr, in aqueous solution 


Le costanti di formazione e le entropie degli ioni complessi HgBry;— , HgBr, in soluzione 
icquusa 
Les constantes de formation et les entropies normales des ions complexes HgBr,~, Hq Br, 
en solution aque use 
Die Bildungskonstanten und Normalentropien der komplexen Ionen HqBr,~, HqBr, 
wassriger Lésung 
ANDEREGG G. — Electrode system responding reversibly on cations of alcaline earth 
and other metals 
Elettrodi reversibili rispetto ai cationi dei metalli alcalino-terrosi ed altri metalli 
Un systéme d’électrode répondant réversiblement aux cations des terres alcalines et d'autres 
mélaux 
Ein den Erdalkalimetallen und anderer Metallen gegcniiber reversibeles elektroden System 
Liperti A., C1IAVATTA L. — Coulometric determination of rate of hydrolysis of com- 
plex salts 
Determinazione coulombometrica della velocita di idrolisi di sali complessi 
Détermination coulométrique de la vilesse d’hydrolyse des sels complexes 
Coulombometrische Bestimmung der Hydrolysengeschwindigkeit komplexer Salze 
Botreé C., CRESCENZI V., MELE A. — Studies on complex formation by means of 
ion selective membranes 
L’impiego degli eletirodi a membrana per lo studio dei complessi 
L’emploi d'électrodes @ membrane pour l'étude de la formation des complexes 
Die Anwendung von Membranelektroden zur Erforschung der Komplexverbindungen 
Cozzi D., PANTANI F. The polarographic behaviour of rhodium (III) chloro- 
complexes 


ll comportamento polarografico dei complessi dei rodio (111) 
Le comportement polarographique des complexes du rhodium (111) 
Das polarographische Verhalien der Rhodium (111) Chlorkomplexe 


Sezione III. 
lil. Section Ill. Division Ill. Abtcilung 


PROPRIETA MAGNETICHE E STRUTTURALI 
Proprietés magnétiques et structurelles 
Magnetic and structural properties 
Magnetische und strukturelle Eigenschafien 
Conferenze Generali 


Conterences Générales Introductory Lectures Aligemeine Vorlesungen 


NynHoitm R. S. — Magnetochemistry 
Magnetochimica 
Magnétochimie 
Magnetochemie 


RicuHarps R. E. — Nuclear magnetic resonance 


Risonanza magnetica nucleare 
Résonance magnétique nucléaire 
Magnetische Kernresonanz 


Owen J. — Paramagnetic resonance 


Risonanza paramagnetica 
Résonance paramagnétique 
Paramagnetische Resonanz 


Comunicazioni 


Communications Communications Mitte ilunge 


Hoppe R. Neue Untersuchungen an komplexen Fluoriden 
Nuove ricerche sui fluoruri complessi 
Nouvelles recherches sur les fluorures complexes 
New research on fluoride complexes 


RASMUSSEN §S. E. — On the crystal and molecular structure of Ni « tren » (SCN), 


Sulla struttura cristallina e molecolare del Ni « tren» (SCN), 
Sur la structure cristalline et moléculaire du Ni «tren + (SCN), 
Ueber die kristalline und molekiilare Struktur dé Vi «tren» (SCN), 


Frasson E., Sacconi L. — An X-ray structural investigation of the diamagnetic 
form of bis-N-methylsalicylaldiminenickel (11) 


Indagine roentgenografica sul complesso diamagnetic 
Une étude aux rayons X du complexe diamagnétliqur bis-N-méthysalycylaldiminenickel (11) 
Eine rénigenographische Untersuchung uber die diamagnetische Form Bis-N-Méthylsalicylal- 


bis- N-metilsalicilaidiminanichel (11) 


diminennickel 


ScCATTURIN V., Turco A. — Crystal structure of NiBr,- 2P(C,H,), and preliminary 
X-ray data on Ni(NO,), + 2P(C,H,), and NiBr, + 2P(C,H,), 
Struttura cristallina del complesso nichel-dibromo-trietiljosfina 


Structure cristalline du compleze nickel-dibromo-trié/hylphosphine 
Kristallstrukitur des Komplezes Nickel-Dibromtriaethylphosphin 


FRASSON E., ZANNETTI R., Barpi R., Bezzi S., Giacomerti G Non planar 
4 . . . 
coordination in a Cu*+ + complex 
Tetracoordinazione non complanare in un compless 
Tétracoordination non plane dans un complexe de ¢ 
Nichtplandre Koordination in einem Cut + Komple 


FEeERRONI E., Bonp1 E. — Structural analysis of the violet form of CoCl, » 2pyridine 


Ricerche strutturistiche sulla forma violetia del CoCl, + piridina 
Recherche sur la structure de la forme violetie du CoCl, « 2pyridine 
Untersuchungen iiber den Aufbau der violetien Form des CoCl, + 2Pyridins 


Scatrurin V., Becion P. L., ZANNettT1 R. — Planar coordination of the group 
1B elements: crystal structure of Ag (11) oxide 


Coordinatione planare degli elementi del I gruppo B rutiura cristallina dell’ossido d'argento 


(ih) 
Coordination plane des Aémenis du I. groupe B: structure cristalline de oxyde d'argent (11) 
Planarkoordination der Elemente der 1. Gruppe B: Kristallstruktur des Silber (11) oxyds 


Oca R. A., Digsut P. — Nuclear magnetic resonance studies of coordinate complex 
formation by boron trifluoride 


Studi di risonanta magnetica nucleare della formatione di 


complessi coordinati mediante tri- 


fluoruro di boro 
Etudes, par la résonance magnétique nucléaire, de la formation de complexes coordonnés avec le 
trifluorure de bore 


Studien fiber die magnetische Kernresonan:z der Bildung von koordinierten Komplezverbindun- 


gen durch Bortrifluorid 


Ficcis B. — Magnetism in the second and third transition series 


Magnetismo nella seconda e terza serie di transizione 
Magnétisme dans les deuxiéme et troisiéme séries de transition 
Magnetismus in der zweiten und dritten Uebergangsreihe 


CossEE P. — Magnetic properties of cobalt in oxide lattices 


Proprieta magnetiche del cobalto nei reticoli degli ossidi 
Propriélés magnéliques du cobalt dans les réseaux d’oxydes 
Magnetische Eigenschaften des Kobalis in Oxydgittern 


Saccont! L., Crnt R., Maaato F. The magnetic susceptibility of molten nickel 
(II) complexes 
Suscettivita magnetica di complessi di nickel (II) allo stato fuso 


Susceptibilité magnétique des complexes de nickel (II) fondus 
Magnetische Aufnahmefdhigkeit geschmolzener Nickel (1I) Komplezxe 


Saccon! L., PAoLetT!1 P., Crnt R. — A paramagnetic form of bis (N-methylsalicyl- 
aldimine)-nickel (IIT) complex 
Una forma paramagnetica stabile del complesso bis-N-metil-salicilaldiminanichel (11) 


Une forme paramagnétique du complexe bis-N-méthylsalicylaldiminenickel (11) 
Eine paramagnetische Form der Komplexverbindung Zweifach-N-methysalizylaldiminnickel (11) 


MILONE M., BoreELLo E., AMBRosINO C. — Study of some isomeric glyoximes and 
their Ni complexes by means of monomolecular layers 


Studio dell’isomeria nelle gliossime e nei corrispondenti sali di nickel col metodo dei films mo- 
nomolecolari 

Etude de l’isomérie de certaines glyoximes et de leurs complexes de Ni, au moyen de la méthode 
des films monomoléculaires 

Erforschung der Isomerie in den Glyoximen und den entsprechenden Nickelsalzen mittels der 
Methode der Monomolekularschichten 


FERRONI E. The properties of monomolecular layers and the structure of some 
azochelate compounds 


La proprieta dei films monomolecolari e la struttura di aleuni azochelati 
Les propriétés des films monomoléculaires et la structure de quelques composés atochélates 
— Die Eigenschaften von monomolekuldren Schichten und der Aufbau einiger Azochelatverbindungen 


SEZIONE IV. 
IV. Section — 1V. Division — IV. Abteilung 


STABILIZZAZIONE DI VALENZE E COMPOSTI NON COMUNI 


Stabilisation des valences et composés non communs 
Valency stabilisation and unusual compounds 
Wertigkeilsstabilisierung und ungewdhnliche Ver)indungen 


Conferenze Generali 


Conférences Générales Introductory Lectures — Allgemeine Vorlesungen 


Cuatt J. — The stabilisation of low valent states of the transition metals 


— La stabilizzazione degli siali di valenza bassa dei meitalli di transizione 
— la stabilisation des états de basse valence dans les métauzx de la série de transition 
— Die Stabilisierung der niedrigen Wertigkeitsstufen der Metalle der Uebergangsreihe 


Kiemm W. — Die Stabilisierung hoher Valenzstufen 
La stabilizzazione degli stati di valenza elevata 
La stobilisation des dots de haute valence 
Stabilisation of high valency states 


Powe.t H. M. — Unusual types of coordination compounds 


Tipi non comuni di composti di coordinazione 
Types non communs de composés de .coordination 
Ungewéhnliche Typen von Koordinationsverbindungen 


Comunicazioni 


Communications Communications — Mitteilungen 


Wann G. M., Martin B. — Low valence stabilisation. Salts of the tris a, a’ -dipy- 
ridyl cobalt (1) cation 
Stabilizzazione di valenze basse. Sali del catione tri a,a -dipiridil cobalio (J) 
Stabilisation de basses valences. Sels du cation tri a,«' -dipyridyl cobalt (1) 
Die Stabilisierung niedriger Valenzstufen. Salze des Dreifach-a,a'-dipyridylkobalt (1) Kations 


Herzoc S. — Komplezxe des 2,2,’ —— mit niedrigen Oxidationsstufen des 
Vanadins und des Chroms 
- Complessi del 2,2’-Dipiridile con bassi stati di ossidazione del vanadio e del cromo 


— Complexes da 2,2’-dipyridyle avec de bas étais d’oxrydation du vanadium et du chrome 
~~ Complexes of 2,2’-dipyridyl with low oxidation stater of vanadium and chrome 


MALATESTA L., CARIELLO C, — Platinum (O) compounds with triarylphosphine and 
analogous ligands 
Composti di platino (O) con triarilfosfina e loro prodotti di sostituzione 
Composés de plafine (O) avec les triarylphosphines et leurs produits de substitution 
Verbindungen des Platins (O) mit den Triarylphosphinen und ihren Substitutionsprodukten 


Sacco A., Frent M. — Tricarbonylbis(triphenylphosphine)cobalt (1) salts 
- Sali di tricarbonile-bis(trijenilfosfina)cobalto (1) 
— Sels de tricarbonyle-bis(iriphénylphosphine)cobali (1) 
- Triscarbonyl-dis(triphenylpho sphin)Kobalt (1) Salze 


Appison C. C., HatHaway B. J., LoGAN N. — Volatile copper nitrate, an unusual 
coordination complex 
Nitrato di rame volatile, un complesso di coordinazione non comune 
- Le nitrate de cuivre volatil, un complere de coordination non commun 
Flichtiges Kupfernitrat, ein ungewéhnlicher Koordinationskomplex 


CaeuioTi V., Liguori A. M., Gatto N., Grieito E., Scrocco M. — Clathrate 
compounds of cycloveratril 


Composti clatrati del cicloveratrile 
— Composés clathrates du cycloverairyl 
— Klathratverbindungen des Zycloveratryls 


PEYRONEL G., BELMonpD! G., VEzzos1 I. — On some aromatic molecular complexes 
of silver perchlorate 


— Su alecuni complessi molecolari aromatici del perclorato d'’argento 
— Sur quelques complexes moléculaires aromatiques du perchlorate d'argent 
- Ueber einige aromatische Molekiilarkomplexe des Silberperchlorats 


PeYRONEL G., Barsrert G. — On some new clathrates of hydroquinone 


—- Su aleuni nuovi clatrati di idrochinone 
— Sur quelques nouveauz clathrates d’hydroquinone 
— Ueber einige neue Hydrochinonklathraie 


SEZIONE V. 


V. Section V. Division V. Abteilung 


COMPLESSI CATALITICAMENTE ATTIVI 
Complexes catalytiquement actifs 
Catalytically active complexes 
Katalytisch aktive Komplexe 


Conferenza Generale 


Conférénce Générale — Introductory Lecture Allgemein Vorlesung 


Natta G. — Stereospecific polymerizations by means of coordinated anionic catalysis 


Polimerizzazioni stereospecifiche per catalisi anicnica coordinata 
Polymérisation stéréospécifique éludiée au moyen de la catalyse anionique coordonnée 
Stereospezifische Polymerisation mittels der koordinierten anionischen Katalyse 


Comunicazioni 


Communications — Communications — Mitteilungen 


Natta G., Pino P., Mazzanti G., GIANNINI U. — Complessi cristalizzabili con- 
lenenti titanio e alluminio cataliticamente attivi nella polimerizzazione dell’ eti- 
lene 


Complexes cristallisables contenant du fitane et de 'aluminium catalytiquement actifs dans la 
polymérisation de l’éthyléne 

Crystallizable complexes containing titanium and aluminum catalytically active in ethylene po- 
lymerization 

Kristallisierbare, in der Polymerisierung des Aethylens, mit Katalytischer Aktivitdt Titan 
und Aluminium enthaliende Komplexe 


FASELLA P., HALINA L., BAGLIONI C., SILIPRANDI N. — On the formation of in- 
termediate chelate compounds in model reactions involving vitamin B, 


Sulla formazione di composti chelati intermedi in reazioni modello implicanti la vitamina B, 
Sur la formation de composés chélatés intermédiaires dans le type de réaction impliquant la vita- 
mine B, 

Uber die Bildung von intermediaren Chelatverbindungen in Modellreaklionen mit Vitamin B, 


GELLEs E. — Complex formation and metal ion catalysis in the decarboxylation of 
oxaloacetic acid 


Formazione di complessi e catalisi dello ione meiallico nella decarbossilazione dell’acido ossala- 
celico 

Formation de complexes et catalyse de Vion métallique dans la décarboxylation de l’acide 
oxalacélique 

Komplexbildung und Metallionkatalyse in der Dekarbozxylation der Oxalessigsaurs 


FaLLAB S. — Metallionen katalysierte Autoxydation von Aminen 


4ulossidazione di ammine catalizzata da ion! metallici 
Ozydation des amines catalysée par des ions métalliques 
Autozydation of amines catalysed by metal-ions 


SEZIONE I 


I Section — I Division I Abteilung 


LEGAME CHIMICO — SPETTROSCOPIA U.V., LR., RAMAN 


Liaison chimique — Spettroscopie U.V., 1.R., Raman 
Chemical Bond — U.V., I. R., Raman Spectroscopy 


Chemische Bindung — U. V., L. R., Raman Spektroskopie 


Theory of bonding in metal complexes 


Introductory Lecture 


LESLIE E. SUTTON 


Oxford University England 


Summary: Recent developments of the ligand field theory of the properties of 
transition metal complexes are outlined including the application of the Jahn-Teller theo- 
rem to cupric complexes, and the treatment 

The nature of the more general molecular orbital theory and of some of its applications 


’ 


f nickel complexes 


are indicated, especially the explanation which it offers of delocalisation of electrons and 
changes of strength of binding accompanying change from the spin-free to the spin 
paired state. 


Four years ago, at Copenhagen, in a paper with Dr. L. E. Orgel, I 
summarised two advances which had recently been made in the theory of 
bonding in complexes. One of these came from the realisation of the im- 
portance of size of orbitals, i.e., both relative and absolute size, in determi- 
ning the conditions for and the strength of binding. This was a development 
of the view that complexes are in general held together by directed and 
chemically specific forces. The other advance came from the application 
of ideas which has been evolved about twenty years previously by physi- 
cists, but which had not been taken up by chemists. It is a development of 
the other extreme view, that complexes are held together by non-directed, 
nonspecific electrostatic forces between the ions from which they may be 
deemed to be built. This is the « crystal field » or «ligand field » theory. 

It is platitudinous, but it is still true, to say that in theoretical inor- 
ganic chemistry there has been an oscillation between these extremes, 
that neither can be wholly true, that both are useful, and that therefore 
we must develop some king of amalgam. A theoretical treatment which 
to some extent is intermediate is that called the « molecular orbital » treat- 
ment. This emphasises the unity of the complete molecule and does not 
stress what happens to its several parts; it can in principle deal with ei- 
ther the extremes of covalent and electrovalent binding; it leans heavily 
on symmetry concepts; and it is the simplest way of considering the ener- 
gy levels of the system. 

Since 1953, there has been a brisk development of the ligand field 
theory and of the molecular orbital theory. There has not been much fur- 
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ther development of the covalent bonding view. It remains qualitative 
rather than quantitative in respect of spectra and heats of formation, and 


it fails to predict clearly whether certain complexes will be tetrahedral or 
square planar, e. g., [CoCl,J~~, [Cu(H,0),]* *. Therefore I shall try sum- 
marize the development in the two former fields, although I would 
emphasise that if we are presenting us a whole a theory of bonding in 
complexes, we should still need to give a large proportion of the time to 


the latter view, and to consider how the various theories merge into each 
other. 

[t will be useful if we specify what a satisfactory theory should be 
able to do. It should predict: 

1) the stability of a complex, i.e., its free energy, or at least its 
heat of formation; 

2) the oxidation-reduction characteristics; 

3) the stereochemistry; 

1) the ease of reaction, by leading to satisfactory treatment of 
transition states; 

5) those physical properties which are interesting to chemists, 
particularly the magnetic properties and the spectra. There is no objec- 
tion to the theory predicting properties whith are of interest to the 
physicists, but we chemists must first consider our own peculiar interests. 

The basic ideas of the crystal field theory are now quite well known, 
and I need not expound them in detail; but the essential points are the 
following: 

If a complex is held together essentially by electrostatic forces 
between a central metal ion and ligands which are either ions, or electric 
dipoles (or some other electric system which experiences a translational 
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force in the ion field), and if also the central metal ion has electrons in d 
orbitals in the penultimate group, then because of the differing geometry 
of these orbitals, their degeneracy is resolved in a way which depends upon 
the symmetry of the ligand arrangement, and to an extent which depends 
upon the nature of the ligand (see fig. 1). 

If the arrangement is a regular octahedral one, electrons in the d, and 
d._y orbitals will be less stable than those in d,,, d and d,, orbitals, 
because they will be repelled more by the negatively charged ligands on 
the octahedral axes than will those in the latter orbitals which tend to 
put their electrons in the empty « corners » of the cube corresponding to 
the octahedron. More precisely, they bring them toward the edges of the 
cube; but the resultant effect is to bring them nearer the corners than to 
the axes. The opposite happens if there is a tetrahedral arrangement of 
ligands, because the negative ligands are then at alternate corners of the 
cube, while the octahedral axes are « empty ». Thus the splittings are: 


= 


Octahedral Jetrahedral 


Given perfectly regular fields, the triplet and the doublet levels will 
not be split further, but in irregular ones they will be. 

The degree of splitting is much greater for a given kind of ligand in 
the octahedral case than in the tetrahedral case. One reason for this is that 
there are ligands only at alternate corners in the latter, whereas there is 
a ligand along each axis in the former. In either it depends upon the elec- 
tronegativity of the ligands, being less the greater this is, i.e., being less 
the more perfectly the ligands behave as small unpolarisable spheres of 
negative charge. At first hearing this statement seems a paradox, but 
the effect of a ligand in so perturbing the orbitals of the central ion depends 
essentially upon its power to bring negative charge close to the ion, and 
this in turn depends mainly upon the polarizability of the ligand and not 
on the peripheral field of the unperturbed ligand. 

The wider the splitting is, the more certainly will the lower set of or- 
bitals tend to fill completely first, i.e., will spin pairing occur as electrons 
are added. Therefore, one can, from the foregoing considerations, explain 
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qualitatively why certain ligands, e.g., CN~, produce spin pairing, while 
others, e.g. F~, do not. More important, however, this treatment provides 
a new connection which makes possible the quantitative study of such 
splitting and of its effects on stability of the complexes. 

It is possible to derive the splitting energy from the spectrum of the 
complex, which will include a line corresponding to the excitation of an 
electron from a f,, to an e, orbital (or from ane, to a /,, one in a tetrahe- 
dral complex): this energy is usually denoted 10 D,, and D, is a variable 
quantity. If we assume that the energy of formation of the complex is 
the sum of the simple electrostatic ion-ligand and ligand-ligand approach 
energies, plus that due to the perturbation of the ion by the ligand, and 
if we know the ionic radii, then in order to estimate the total energy we 
need only to evaluate the perturbation energy, which can be done as fol- 
lows. If there were no definite distribution of electrons in the levels crea- 
ted by perturbation, they would each have an average distribution in all 
levels in turn, and their combined energy would be the sum of the average 
energies of each. It we evaluate the difference between this gross average 
energy and that which they have in virtue of their definile distribution in 
the levels, using the spectroscopic value of 10 D, to do so, we can equate 
it to the difference between the actual energy and the simple electrostatic 
energy with no allowance for the actual distribution. Provided that we 
ignore repulsion between d-electrons, this calculation is easy. Then, by 
subtracting this correction term from the observed heat of formation, a 
value for the simple electrostatic energy should be obtained. This last 
might be expected to show simple regularities; and in fact it appears to 
do so, for the corrected heats of formation of hydrates of divalent first 
transition series ions rise steadily from Ca(II) to Zn(I1), and those for the 
trivalent ions rise from Sc(II1) to Co(III) (the uncorrected ones are irregu- 
lar). These corrected heats should be related to the «electron affinity », defi- 


ned as the total energy necessary to remove two electrons in the process: 


M (3 dy" (4sy > Mr (3d)" 2e 


It should measure the effective fields at the peripheries of the several ions; 
and it also rises in a regular way. Therefore, the modified electrostatic tre- 
atment appears to explain satisfactorily the energy relationship between 
the hydrates. In principle this treatment can be extended to complexes 
with any ligand: and it has been, with success, to those formed by the 
divalent ions from Mn(II) to Zn(II) with ethylene-diamine. For other li- 
gands, the data are more scanty but on the whole the theory correlated 
them reasonably well. Lattice energies of binary halides can also be ra- 
tionalised on this basis. Given the necessary further ionization energies, 
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the stability relations between divalent and higher valent complexes 
of transition elements can be predicted. 

In general, 10 D, is found to vary little with the central ion, at pari- 
ty of ionic charge, but to be much affected by the ligand. 

Cupric complexes are anomalous in that they do not have a regular 
octahedral arrangement of ligands. Four are close to the ion and lie at the 
corners of a square, with the metal ion in the plane, while the other two 
ligands are more remote. Furthermore, these complexes are more stable 
than would be expected on a simple perturbation picture such as the pre- 
ceding one. 

It is now realised that these anomalies may be explained by the Jahn- 
Teller theorem, the physical gist of which is that if there is degeneracy 
arising from the fact that one d-orbital is filled with 
a pair of electrons while another of equal energy is only 
half filled, then by a change of geometry of the system 
which resolves this degeneracy, a more stable state can 
be obtained. In Cu(II) this is the case because one of 
the two e, orbitals contains two, the other only one 
electron: these are the d»_y and the d, orbitals which 
point along the octahedral axes. If we now suppose 
that the four ligands in the xy-plane move in towards 
the ion, along the z-and the y-axes, while the two on 
the z-axis move out, any electrons in the d._ y orbital 
will be destabilised, while any in the d, one will be 
stabilised. Thus if two of the three disposable electrons 
are put in the latter orbital and the remaining one in 
the former, not only is the system more stable than if 
the opposite allocation were made, but it is more sta- 
bel than if there had been no distortion of the octahe 
dron. Hence such distortion will occur spontaneously 
to an extent depending upon the energy to be gained from the resolution 
of degeneracy and that required to stretch and to compress the bonds. It 
should be mentioned that the opposite distortion, with the ligands in the 
z-axis moving in, and tho those in the zy-plane moving out, followed by 


two electrons going into the d,_, orbital and one in the -d, one, would 


equally appear to give stabilisation: it is not at present possible to pre- 


dict which of these two distortions is the more beneficial, but in fact the 
former is found to be for Cu (JJ) complexes. In the free state, the three 
opposite pairs of ligands could take it in turn to be the « long » axes; and 
a special vibration would arise. Within the crystal the complex is « frozen » 
with the elongation along one particular axis. This explains the numerous 
crystallographic observations on such complexes. Similar, though less mar- 
ked effects, have been observed for Mn(III) and Cr(Il) complexes. 
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[he Jahn-Teller theorem also applies to some tetrahedral complexes 

and an example will come in a later contribution in their Symposium. 
\ word should be said about the treatment of planar complexes by 

» ligand field theory. If we suppose that the two ligands on the z-axis 
gradually removed to infinity, then any electrons in the d,, orbital 
‘onsiderably stabilised, while any in the d,_ orbital are further de- 
stabilised. Thus, an extreme case of Jahn-Teller distortion could occur, 
leading, e.g., to square planar Cu(//) complexes: but because one electron 
orbital and because of the electrostatic energy 


is in the high energy dy»_, 


needed to remove two ligands, copper is less likely to form these than di- 


dz? 
dyy 


dyz ,dy2 


regular distorted square 
octahedron octahedron plane 


Fic, 4, 


storted octahedral ones. It does happen for special ligands, e. g., in cop- 
per phthalocyanine. 

Nickel(I]), having one electron less, is not subject to Jahn-Teller di- 
stortion, there being no degeneracy. Its eight d-electrons can, however; 
fill the four low lying orbitals of an infinitely distorted octahedron; and 
it should therefore form diamagnetic planar complexes readily. The more 
polarisable the ligands are, the greater the splitting will be, so the more 
these eight electrons will tend to reside in the lower orbitals rather than 
occupy all five, i.e., the more readily the four co-ordinate complexes are 
formed. For the more electronegative ligands. the splitting, and therefore 
the stabilisation, will be less; and the tendency for the eight electrons to 
spread over all five orbitals will be greater so the complexes may be para- 
magnetic. 
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It does not follow that the complex will become tetrahedral, because 
for a given ligand the stabilisation is much less for this arrangement than 
for a regular octahedral one, and probably than for a square planar one. 
What is more likely is that the co-ordination number will increase to six 
through polymerisation. Two tetrahedral nickel complexes are now unam- 
biguously established, nickel chromite, and bis-triphenylphosphinenickel 
chloride, the latter of which will be discussed later in this Symposium; 
but in both cases the stereochemistry appears to be imposed by the ste- 
ric requirements of the ligands. 

The ligand field theory has certain limitations. It gives no informa- 
tion at all about the use of s- and p- and d-orbitals in the penultimate group 
Furthermore, the order of perturbing power of ligands, as observed spe- 


ctroscopically, cannot be interpreted in terms of a simple electrostatic 


treatment. The actual sequence is: 


 <—_a 6 <£G6h hl <r H,O < C0, 


< pyridine < NH, < ethylenediamine < NO,” < CN~ 


The simple theory cannot deal with possibilities of x-bonding between 
the central atom and the ligands. For cases such as the metal carbonyls, 
the ionic model seems altogether inappropriate. 

The molecular orbital treatment has all the virtues of the simple 
ligand field theory, and in addition can deal with the problems just men- 
tioned. It is, however, considerably more complicated and unwieldy, and 
it is not worth employing save when its benefits are substantial. Its es- 
sence is the following. 

The atomic orbitals of the ligands can be combined together in va- 
rious ways so as to give orbitals for the whole ligand array, of various sym- 
metries. These can be combined with the orbitals of the central atom, ha- 
ving corresponding symmetries, to give both bonding and antibonding 
orbitals. Electrons in bonding orbitals lie at lower energies than do those 
in orbitals of the metal ions and of the ligands from which the molecular 
orbitals are derived: the converse is true for electrons in antibonding mo- 
lecular orbitals. The electrons contributed by the central atom and the li- 
gands are put into these molecular orbitals according to the normal buil- 
ding up principle. 

It is usual to ignore the combinations of any save the penultimate 
d-orbitals and the ultimate s- and p- orbitals of the central atom with the 
ultimate ones of the ligands; and some of those do not always combine, 
so they remain non-bonding, i.e., neither bonding nor anti-bonding. By 
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enlightened guesswork, the following energy level scheme is evolved for a 
regular octahedral complex: 


Electrons 


aig 


anti-bonding 


tlw 


anti-bonding 


non-bonding 


bonding 


Twelve electrons, provided jointly by the central atom and the li- 
gands, fili the bonding orbitals. Electrons equal in number to those which 
were in the d-orbitals of the central atom are then distributed in the non- 
bonding /,, and the antibonding e, orbitals just as they are according to 
the simple ligand field theory. As before the energy difference between 
these two levels is denoted as 10Dgq. So far, then, the only apparent gain 
is the philosophical one of admitting that electrons are not necessarily 
localised on ions, but may be delocalised as between atoms. This, however, 
is in fact very important; for there is a large amount of evidence now for 
such delocalisation as will be mentioned later in this Symposium. Fur- 
thermore, a useful parameter is suggested by this energy level scheme, in 
that the difference between the number of electrons in the bonding e, and 
the anti-bonding e, orbitals should give some measure of the relative stren- 
gth of the complexes formed by one kind of ligand with a series of metal 
ions. This is called (not very aptly) the « bond number » and can be eva- 
luated for both ionic (spin free) and covalent (spin paired) complexes 
for various number of d-electrons, as follows: 


TABLE I, 


(1) Number of d-electrons. — (2) Typical ion. — (3) Number of electrons in bonding eg orbitals. — 
(4) Number of electrons in non-bonding (, orbitals, ionic/covalent. — (5) Number of electrons in anti- 
bonding ég orbitals, ionic/covalent. — (6) Difference (3) - (5) = « bond number », ionic/covalent. 


(1) 1 2 3 4 5 6 7 8 9 10 
(2) Tit++ Vt+ C++ Mnt+ Fet++ Cot+ Nit+ Cutt Znt++ 
(3) 4 4 4 4 4 4 4 


(4) y 3|3 3}4 4/6 5/6 6/6 6)6 6/6 
(5) 0/0 1,0 2)|0 21 2 3}3 44 
(6) 4\4 3\4 4 3 2|2 1)1 0 
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When the «bond number» is increased by spin pairing, especially 
with five and six electrons, the radius of the central atom should be mar- 
kedly decreased thereby; and the facts agree with this. 

n-Bonding involving electrons in the ¢,, orbitals is probably of very 
general occurrence in some degree or other and leads to wider delocalisa- 
tion of electrons than does the o-bonding. It should be very marked if the 
ligands have available x-orbitals of low energy, as have, e.g., the cyanide 
ion, the @-diketones, and heterocyclic nitrogen compounds such as phe- 
nanthroline; but it is likely also to be marked for ligands such as phosphi- 
nes and arsines, where the z-orbitals are less stable, and it can even occur 
when the ligand z-orbitals are full, by the use of anti-bonding x-orbitals. 
In all these cases, electrons originally localized on the metal ion are delo- 
calised and spread on the ligands. The opposite can also occur through =- 
bonding when the d-orbitals of the original central ion are not completely 
filled, e.g., in the ion [/rCi,|’~. The facts are in agreement with all these 
conclusions. 

For the general understanding of spectra, for other than d-d transi- 
tions, this type of treatment is essential and is proving very powerful. 
Spectral analyses are giving much quantitative information about the 
disposition of energy levels, and their dependence on the ligands. For an 
understanding of the factors favouring or not favouring spin-pairing, it 
is also valuable. The converse of the conclusion about decrease of ionic 
radius when certain complexes go from the spin-free to the spin-paired 
condition is that steric factors tending to keep the bonds long will favour 
the forme: magnetic condition. It can be seen that in some cases the ba- 
lance might be quite fine, and that change-over may be affected by minor 
variations in ligand, or by changes of temperature, e.g., the ferrous phe- 
nanthroline complex is diamagnetic whereas that with 2-methylphenan- 
throline is paramagnetic, and ferrous phthalocyanine has a magnetic mo- 
ment which falls as the temperature is lowered. 

It is, however, particularly in the elucidation of reaction processes 
that the molecular orbital treatment is chemically fruitful, for it makes 
possible the discussion of such questions as whether electron exchange 
reactions will be fast or slow in particular cases, and whether they will be 
faster or slower with cis- or with trans-isomers. It is clear that the combina- 
tion of characteristics of ligand and of central ion make for high specificity. 

One other topic which has developed since 1953 is the theory of the 
cyclo-pentadienyl type of compounds; but this can be mentioned only 
very briefly. 

The structure of such substances can be rationalised by the molecu- 
lar orbital treatment. This has been applied in rather different ways by 
different authors, but the essential conclusions are much the same, save 
that one form suggests that in chromium dibenzene the benzene rings 
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should have trigonal symmetry only. This awaits experimental confir- 
mation. 

Other advances have occurred; but those which have been described 
seem to be the main ones. 

I have not tried to ascribe credit where it is due. Most of the material 
I have summarised can be found in Reports to the Xth Solvay Council, 
held in Brussels in May 1956, by C. K. Jérgensen. R. S. Nyholm, and L.E. 
Orgel. In addition reveiws were contributed to the Kiel Symposium of the 
Deutsche Bunsengesellschaft by Prof. H. Hartmann and by Dr. E. Ruch, 
which will appear in the Z. fiir Elektrochemie. Furthermore, many of the 
people who have done the actual work are here and will give papers about 
specific topics later in the proceedings. 

In conclusion I wish to thank Dr. L. M. Venanzi very warmly for his 
help in preparing this account. 
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L’étude des conditions expérimentales de formation des composés de coor- 
dination, de la dissimulation des propriétés chimiques de leurs consti- 
tuants et de la vitesse des réactions de substitution, de l’apparition de 
propriétés physiques particulieres (diamagnétisme, activité optique) a 
conduit, d’un point de vue purement empirique, a distinguer parmi ces 
composés des degrés divers de « perfection », de «robustesse », ou, pour 
ne rien préjuger sur leur stabilité thermodynamique, « d’inertie » [90]. 
1-3. D’autre part, les connaissances théoriques sur la structure élec- 
tronique des atomes et des molécules ont donné naissance a des hypothe- 
ses sur le mécanisme de la liaison de coordination. On a d’abord cherché 
le role de la charge, de la polarité, de la polarisabilité des constituants; 
puis, apiés le développement de la théorie quantique et la découverte du 
principe de Pauli, on étudia la répartition des paires d’électrons, fournies 
par les groupes donneurs et servant a la coordination, entre les niveaux 
d’énergie des atomes accepleurs capables de les recevoir. De ces deux 
théories, électrostatique et quantique, la premiére parut mieux adaptée 
iux composés labiles, la seconde aux composés parfaits. On a reconnu 
aujourd hui qu'il est difficile d’établir un parallélisme satisfaisant entre 
les critéres expérimentaux de la solidité des composés de coordination et 

les variations de nature de la liaison coordinative (*). 
1-4. Les composés de coordination posent enfin des problemes de 
ure moléculaire, qu'il t souvent possible de diviser, lorsqu’il y 
de considérer un aton mme central, en examinant d'une part 
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2-3-1. Considérons d’abord, pour simplifier, un composé diatomique. 
Si la liaison entre ces atomes était purement ionique, chaque électron ap- 
partiendrait 4 un atome et subirait l’action d’un seul noyau: la po- 
larisabilité de la molécule ne dépendrait pas de la distance des ato- 
mes et la vibration ne donnerait pas naissance a une raie de Raman, 
méme si la distance moyenne était bien définie, comme c’est le cas dans 


les solides. 

Si la liaison est homopolaire, les électrons qui contribuent a sa forma- 
tion, et qui sont aussi ceux qui interviennent dans la diffusion, sont si- 
tués dans le champ des deux noyaux: on doit s’attendre a ce que la vibra- 


Liaison liaison 
1onigue homopo/laire 


tion influence la polarisabilité et produise une raie de diffusion. Entre les 
deux cas limites précédents, on congoit que |’intensité des raies puisse 
dépendre du degre de déformation des atmospheres électroniques des ato- 
mes (figure 1) ou, dans un autre langage, de la proportion des caractéres 
ionique et covalent de la liaison. 

Dans le cas particulier ou la molécule a la symétrie d’un groupe du 
systeme cubique, l’intensité de la raie de diffusion due a la vibration fon- 
damentale qui conserve cette symétrie et dans laquelle les groupes coor- 
donnés FR font une pulsation autour de l’atome central M a une expres- 
sion simple: 


C désigne une constante dans des conditions expérimentales données, 
v est la fréquence, N le nombre de molécules par unité de volume et A 
la trace du tenseur [x]. A donne une mesure de la variation de polari- 
sabilité moyenne de la molécule durant la pulsation et le caractére cova- 
lent de la liaison M-R croit avec A. La comparaison des intensités J et 
I’ des raies homologues de deux composés dans les mémes conditions ex- 
perimentales donne une idée du degré de covalence de la liaison [33]. 
Pour une comparaison détaillée des intensités des raies de diffusion pro- 
duites par la liaison ionique et la liaison covalente, voir [26 bis]. 

2-3-2. Les relations entre l’absorption par vibration et la nature de 
la liaison different des précédentes. Pour une liaison purement ionique, le 
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moment dipolaire p devrait crojitre constamment avec la distance r des 


jons (courbe I, fig. 2) la dérivée —" aurait toujours une valeur élevée 


ér 
et l’absorption serait intense. C’est ce que montre |'existence des bandes 
d’absorption correspondent aux rayons restants des halogénures alcalins. 
Une liaison homopolaire, si elle conduit 4 une dissociation de la molé- 
cule en atomes neutres, donne une courbe p (r) ayant l'allure II de la 
figure 2. Au voisinage de la distance movenne d'équilibre ro, la valeur di 
Sp , : 
—- peut étre tres faible. Des relations entre l'intensité des bandes in- 
Sr 
frarouges, leur fréquence et la nature de la liaison chimique ont commen- 
cées d'etre découvertes pour certains composés organiques [59] et inorgani- 
ques [58] covalents; il ne semble 
pas qu'on les ait étudiées pour PY 
les composés de coordination. 
2-3-3. La rupture des liai- 
sons ioniques produite par la 
dissociation électrolytique dans 
les solvants ionisants devrait 
supprimer a la fois la diffusion 
et l'absorption des composes bi- 
naires, les distances moyennes 
n’étant plus constantes. En fait, 
des associations entre ions ou 
entre molécules polaires peuvent donner des fréquences de diffusion. 


2-4. Structure des spectres ef symétrie des molécules. 


2-4-1. Relations générales. Lorsqu'un édifice atomique posséde des 
éléments de symétrie, ses vibrations fondamentales se classent en /ypes, 
selon la symétrie des mouvements des atomes. Les divers types de vibra- 
tion se distinguent par les caractéres expérimentaux suivants: ils peuvent 
donner ou non des bandes d’absorption infrarouge ou des raies de Raman 
(types «actifs » ou types «interdits» en absorption ou en diffusion); les 
divers types actifs en absorption produisent dans la molécule des moments 
p dorientations différentes; les divers types actifs en diffusion font varier 
de fagon différente la polarisabilité [a] et ont par suite des tenseurs de 
polarisabilité [a] différents. 

Aux divers groupes de symétrie que l'on peut admettre pour un édi- 
fice de composition déterminée correspond donc une répartition différente 
des vibrations fondamentales entre les divers types: cela se traduit expéri- 
mentalement par l’existence d'un nombre différent de bandes d’absorption 
et de diffusion, dont les caractéres de polarisation sont différents. Ces prévi- 


sions sont systématiquement rassemblées dans divers ouvrages [35, 43, 57]. 


JEAN PAUL MATHIEU 


Inversement, il est souvent possible de remonter de la connaissance 
compléte du spectre de vibration d’une moleécule a celle de son groupe de 
symétrie. Toutefois, on a affaire en pratique a des assemblages de molé- 
cules. Dans un cristal, il faut tenir compte de la disposition des molécu- 
les dans la maille élémentaire; mais en donnant au cristal diverses orien- 
tations, on peut obtenir des renseignements deétaillés sur les composan- 
tes du tenseur [x] et du vecteur p [55, 56]. Dans un milieu désordonneé, 
fluide ou polycristallin, les différences d'orientation de p disparaissent en mo- 


yenne; celles de [a] se traduisent seulement par ce que les raies de Raman 
6 

correspondantes sont dépolarisées (6 = } ou polarisées (0 <p 

/ 


6 
oy 
Les données expérimentales sont donc moins abondantes. 

2-4-2. Méthodes approchées. Lorsque le composé de coordination est 
formé par la réunion d'un petit nombre d’atomes identiques reliés a un 
atome central, ses vibrations sont peu nombreuses et la détermination 
de la symétrie de l'ensemble, qui est souvent élevée, est frequemment 
possible sans ambiguite. 

Lorsque des molécules ou des ions complexes entrent dans la consti- 
tution du composé, l’analyse des spectres de vibration devient compli- 
quée. Deux méthodes approchées permettent de la simplifier. 

En premier lieu, ces constituants possédent leurs propres vibrations 
fondamentales, qu'il est souvent possible de reconnaitre-plus ou moins 
altérées-dans les spectres du composé. On est ainsi conduit a distinguer 
les vibrations internes des constituants de celles qui caractérisent leur 
coordination et qui peuvent se représenter 4 partir des mouvements d’en- 
semble (translations et rotations) des constituants supposés rigides. Les 
fréquences de ces derniéres sont plus basses que celles des vibrations in- 
ternes, lorsque les constituants sont formés d’atomes légers unis par des 
covalences. On n’oubliera pas, cependant, que ces distinctions approxi- 
matives doivent étre maniées avec prudence (?). 

En second lieu, lorsque Z édifices atomiques identiques (constituants 
d'un composé, molécules dans une maille cristalline) sont reliés entre eux 
d'une facon symétrique, chacune des vibrations internes de l'un d’eux 
donne en principe, par couplage, Z vibrations de fréquences différentes, 
appartenant a divers types. Le classement de ces vibrations se fait a I’ai- 
de de la théorie des groupes [11]. 


3 RECHERCHE DE LA FORMATION DE COM- 
POSES DE COORDINATION. 


3-1. Trumpy [94], semble étre le premier a avoir utilisé l’effet Raman 
pour déceler la formation de composés dans les mélanges liquides. Si les 


(*) Voir par exemple, l’exposé critique de la référence [35], p. 192 
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molécules en présence conservaient leur individualité, on ne devrait obser- 
ver que l'ensemble des raies correspondant a chacune d’elles, avec des 
intensités proportionnelles aux fractions molaires. S’il se forme un nou- 
veau composé, on peut s’attendre a l’apparition de raies nouvelles, pourvu 
que la liaison ne soit pas trop fortement ionique. La méthode, qui s’é- 
tend aux spectres d’absorption, a été appliquée pour démontrer la forma- 
tion de conposés de coordination, dans les solutions aqueuses (Voir aussi 
6-3-2). 
3-2. Composeés halogénés. Diverses réactions du type. 
MX, + pX > MXEz 5» 
oi M répresente un atome métallique et X un atome d’halogéne, ont été 
mises en évidence par |'apparition du spectre Raman d'un ou de plusieurs 
ions complexes en solution dans l'eau. 


TABLEAU I, 
Nb. d’onde 


M x MX» Référence caractéristique 
Ha cl HgCP - [44)} 273 

Hg Br, I HgX*,—, Hg X, 16, 76 bis] 169 119 

Cd Cl, Br,l Cd X*, (16, 76 bis) 250 163 117 
Zn Br, I Zn X*;-, Zn X; 16 172 122 

Tl Br Tl Br, 15 190 

Ti cl Ti Cr, (77 463 

Sn cl Sn CP, 30 312 

Sn Br Sn Br*, 75 183 

Sb cl Sb CP, 75 337 

Ga Cl, Br Ga X, 97 446 210 

In Br In Br, 98 197 


3-3, Cyanures. Le spectre d’absorption de solutions aqueuses des mé- 
langes a proportions variables de KCN + AgCN, de KCN + AuCN ou 
de KCN + CuCN montre [38, 71] des bandes d’absorption de fréquence 
variable avec la composition et qui ont été attribuées aux ions comple- 
xes suivants: 

Ion: Ag(CN),~ Ag(CNP,;— Ag(CN¥, Au(CN),— 
sencm'; 2135 2105 2092 2147 

Cu(CN);~ Cu(CNY,~ Cu(CNn»y, 
2125 2094 2076 


3-4. Hydrates. Des raies de Raman dues aux vibrations des ions 
M(OH,), ont été trouvées dans les spectres de solutions, leur attribution 


étant confirmée par l'étude du spectre de cristaux hydrates [54]. 


V Zn Va i/ Cu Mn 
s: 370 a 300 175 6 €@ BSR2 325 395 390 4435 375 
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3-5. Ammines. Le spectre de diffusion des solutions aqueuses de cer- 


tains sels additionnées d’ammoniac contient des raies regardées comme 


caractéristiques de la formation d’ammines par le cation [40]. 


WV Cu Zn Ld 


\\vesaie de ve ga on awn en ‘D-\, ge \es Avermmnalions de surackure 
pat vole specttale sont dautant plus laciles et plas sires gue la compost 
tion des mofécules est plus simple 


Lorsquc les groupes coordonnes sont 


4 
wh EP ES 1 ” 
\ Pi, / ° 


77 “ea Sy sx x 


r 
ws) WN 
VA, ve Vv, v.65 


des atomes ou des ions monoatomiaques. les études spectrales ont 
] ; 


j souvent 
fournl une connaissance certaine de la symétne du ompose de coordina 
tion et ont permis de mettre a | épreuve » ti re des valences dirigé 

1-1. L’atome central est tétra rdot lisposit ; 
4 aux isa 

q ; ; 
 F ' 

Pp . : ; 

; ; iat | 

tT : : : ; 

: x 


WKappelons que Yetude des spectres de wibration a depuis longtemps 
confirme )43) Ja structure vetratdrigue des ions CN, , BO, , SR, PR, 
NH,*. Parmi les déterminations plus récentes di 
tons BH, [72, 99] (dans NaBH, et LiBH,), Bl 


la méme structure 


~ [9,28], ALM (47), 
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ZnBr; et Znly [16] CdBr; et Cdl; 116); les spectres des composes cor- 


respondants de mercure sont incomple ts. Tous ces résultats s'accordent 


avec ceux que les rayons xX donnent dans le cas des « ompose s solides Pour 


7/Br,, le spectre de Raman indique e1 
traédre [15], les rayons X une configurat 


{95] , ” les) valences 


ASA SONA 


\ iit" 


Cl “ 


Bien qu'il ne s agisse pas de hasor rdinative [10] rappe lons que 
l'étude du spectre de vibration a conduit pour l‘hydrure de bore B,//, 4 


une structure analogue 4 la précédents 


' ‘ 
mm avait pense gue sa siructure est octaedria ireguliere isymetrie Df). 
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ce qui serait da a | encombrement des atomes de brome. Mais on a montr 
[100] que la cinquéme raie était due 4 une impureté et que la structure 
de lion est celle d'un octaédre régulier. 

Rappelons que l'étude du spectre de diffusion avait montré que la 
configuration de PCl, solide n’était pas la meme que celle du composé 
liquide, avant que l'étude aux rayons X n’établit l’existence d’ions PCI, 
[65]. Le spectre de Raman montre également que la formule du composé 
Ga Cl, fondu est Ga* [GaCl,|~ [101]. 

‘emarquons enfin que l'existence de structures tétraedriques ou 
octaédriques réguliéres dans un milieu fluide ou dans un cristal cubique 
prouve qu'il n'y a pas lieu de distinguer les covalences des liaisons de 
coordination. 

-3. Calcul des constantes de force. Le spectre de diffusion des compo- 
sés du type MA, ou MA, contient, en particulier, la fréquence v, de la 
vibration totalement symétrique, pulsation du tétraédre ou de |l'octaé- 
dre, dont on peut déduire trés simplement la constante de force / de la 
iaison M-—A, dans l’hypothése des forces de valence, par la formule : 
(1) / in? 2 m o 9,863.10—-* M «*, dynes/cm, 

M deésignant la masse atomique de |'élément A [43]. Le tableau II donne 
des valeurs ainsi calculées. On y a ajouté celles qui se rapportent aux 
compsés covalents CCl, et SF. 


TABLEAU II 


Compe S f. 1. 
SO, hat 0 
NH, 2 . 6,1 
BH, 2270) «*) 0 
BF, 77 6.6 
a l, 459 6.7 
SiF, 66s 4.9 
Sncl, si¢ 2,( 
SF, 776¢ 6.7 


Le systeme des forces de valence appliqué au tétraédre régulier fait 
intervenir deux constantes de force [43]. On a utilisé frequemment, pour 
calculer les fréquences de vibration, un potentiel du genre de celui proposé 
par Urey et Bradley, qui ajoute aux constantes précédentes une troisie- 
me exprimant |’interaction centrale des atomes coordonnés. Pour les mo- 
lécules 4 structure carrée, voir [48]. 


(*) Dans (NH gq (SiF 4). 
(*) Dans Na (BH,) 


Un pot ntiel analogue a été utilise 


bration des ions VF, [34, 1}. 


>. STRUCTURE Dt 
COORDONNES 

Pour analyser les spectres par les méthodes indiquées en 2-4, il faut 
alors tenir compte, d'une part des vibrations propres «ke s° groupes iB et 
de leur couplage éventuel, d’autre part des vibrations que peuvent effec- 
tuer ces groupes dans le compose et qui ¢ rresponde nt a leurs degrés de 
liberté de rotation a l'état libre. En outr orientation mutuelle des liai- 
sons M-A et A-B détermine la symétrie de l'ensembk 

2-1. Cyanures. Dans les ions complexes [M (CN),|*~ et [M (CN),]}° 
la liaison des ions CN~ a l'atome M se fait par l'atome C (*). Les atomes 
M-C-N sont alignés. L’ion CN~ a une seule fréquence propre o 2085 
cm". Les spectres de Raman des ions [M (CN),|*~ et [M (CN),)°~ ont des 
rales dans cette région et d'autres dont le nombre d'ondes ne dé passe pas 
500 cm~'. La séparation des vibrations internes et de celles dues a la coor 
dination est bien nette dans ces cas. 

2-1-1. Pour les cyanures dont l'ion étallique accepteur est tétra 


coordonneé, deux structures sont possibles carre, si la liaison des grou- 


pes 4 l’accepteur se fait par les orbitales d s p*; en tétraédre, si elle met 


en oeuvre les orbitales s p*. Le spectre de diffusion des ions en solution 


doit se composer, dans le premuer cas, de 7 rales (deux étant polarisees); 
dans le second, de 8 raies (9 0 pour deux d’entre elles) (*). Les figures 4 
et 5 donnent les schémas des vibrations. En outre, la distinction entre les 
deux modeles peut se faire par le spectre d'absorption: celui du tétraeé- 
dre doit contenir 4 bandes, que l'on trouve également dans le spectre de 
diffusion; celui du modéle carré doit en montrer 6, de fréquences différen- 
tes de celles du spectre de Raman. 

Ces prévisions on été vérifiées. Le spectre de Raman de A, [Zn (CN),] 
a l'état solide (*) contient les raies suivantes, dont le type est établi avec 
certitude [13]. 


TABLEAU III 


Type 


Mode ‘(fig 


(*) Cf. référence [1] p. 87 et [39 bis 

(7) On peut donc distinguer les deux structures par leur 
J'ai indiqué jedis par erreur [50 

(*) En solution, les spectres ont un fond continu intens« 
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Pour la raie 347, 9 = 0; pour la raie 2158, 9 = 0,1. Le spectre in- 
frarouge n’a pas été étudie. 


x 


R 


‘ 
x 


V, » B R 


0’ 
2q 


Pour K, [Pt (CN),], on connait a la fois le spectre d’absorption a 
l'état solide pour s > 300 cm~* [85] et le spectre de diffusion en solution, 
[53]. On a 
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TABLEAU I\ 


co absorption : 

6 diffusion : 95 0 t 2168 
rype u su 2¢@ *ig J : Ale 
Mode (fig. 4) : \ Vv, \ ‘ v vy " Va 


o calcule [85]: ‘ 3338 5 f it } (2168) 


t+ 
“Jf te 
F 


» I 


n 


./ 
V,,F.,R+IR Pr oe 
7 Fe 5 F R+IR Vy» 


Fic. 5 


Le type des vibrations n'est déterminé qu’en estimant l’ordre de 
grandeur des fréquences correspondant aux modes de la figure 4, a l’ex- 
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ception des raies A,, qui sont reconnaissables a leur polarisation. On a 
d’ailleurs p X 0,4, ce qui est trop élevé pour un modeéle tétraédrique. De plus, 
les vibrations actives en diffusion ne le sont pas en absorption et réci- 
proquement (°). 

Pour les cyanures des métaux hexacoordonnés (Co, Rh, Ir), la struc- 
ture en octaédre régulier fait prévoir 6 raies de diffusion, dont deux to- 


talement polarisées. On trouve [53] 5 raies, dont deux fortement polari- 
sées (9 < 0,1). Le spectre d’absorption, qui doit contenir 4 bandes fonda- 
mentales, n'est pas connw. La figure 6 monre les schémas des 13 vibrations 
fondamentales. 


*) La disposition en losange des liaisons autour de l’atome Pt, qui aurait pu étre envisagée au cas ot 


coordinances différeraient des covalences une fois le composé formé, n'est pas compatible avec le 
tre de diffusion observé [49] 
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9-1-2. Le spectre de Raman de tous les cyanures complexes étudiés 
[53] contient un doublet de raies entre 2125 et 2170 cm~'. Ce doublemeat 
est da au couplage de la vibration de tension () des groupes CN, qui se ré- 
pete, avec des déphasages différents, entre les groupes symétriques les uns 
des autres. Si l’ion complexe a une structure carrée, le couplage fournit une 
vibration du type A,, et une autre de type B,, actives en diffusion (sché- 
mas v, et v, de la figure 4); s’il a une structure tétraédrique, il donne une 
vibration A, et une vibration F, actives en diffusion (schémas vy, et v, 
de la figure 5). Dans tous les cas, on observe bien les deux raies prévues. 
En absorption, la vibration considérée de CN donne dans les deux struc- 
tures une seule fréquence active, de type FE, (¥,,) pour une structure car- 
rée, /, (vs) pour une structure tétraédrique. On doit donc observer une 
seule bande dans tous les cas; mais sa fréquence doit coijncider avec celle 
de l'une des raies de Raman si la structure est tétraédrique. 

Ces prévisions n'ont cependant pas été soumises a |’expérience, car 
si les spectres de diffusion ont été étudiés sur des solutions, les spectres 
d’absorption l’ont été sur des solide., of le couplage entre les molécules 
de la maille modifie les conclusions précédentes. 

La fréquence de tension C-N a une valeur voisine de 2245 cm~* dans 


les nitriles aliphatiques. Pour expliquer qu'elle s’abaisse de 100 cm™~' 


environ dans les cyanures complexes, Pauling a suggéré [69] que la liai- 
son C-N pourrait n’étre plus que double dans ces derniers composés et 
qu'il y aurait résonance entre les formes 


me Csi VM 


Mais en admettant que la constante de force / de la vibration C-Ni 
garde dans les cyanures complexes la valeur qu'elle a pour lion et qu 
correspond a ¢ = 2085 cm~', on peut montrer [49] (“), que la coordina- 
tion des groupes, en combinant leur vibration interne a la pulsation de 
l'ensemble, a pour effet d’accroitre la fréquence C-N jusque vers 2140 
cm’, les valeurs mesurées étant voisines de 2160 cm 

Indiquons enfin que la comparaison des bandes d’absorption des fer- 
rocyanures et des ferricyanures a permis de montrer que les bleus di 
Prusse se comportent comme des ferrocyanures [23]. 

5-1-3. Dans I‘hypothése of seules des forces de valence agiraient 
dans les ions [M (CN,)]*~, les fréquences des vibrations v, et v, de la figure 
1 devraient étre identiques. Or on observe deux fréquences, voisines de 


”%) Nous xdopterons dans ce qui suit la nomenciat vibrations et des librations proposée par 


Cabannes (0 
(*) Le mémoire [49] contient une erreur: l'équatio : 115 doit s‘écrire @ 


par suite, les frequences @ sont légérement abaissees 
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150 cm~', qui different de 10 a4 15 cm.~’ Cela prouve que le systeme des 
forces de valence fournit une premiere approximation acceptable, mais 
ne suffit cependant pas a expliquer les faits observés. Des calculs ont été 
faits 4 partir d’un potentiel de Urey-Bradley, pour des structures carrees 
[85] ou tétraédriques [67]. Les nombres du tableau IV ont été calculés 
de cette manieére. 

5-2. Métaux carbonyles. Les prévisions théoriques relatives au dé- 
nombrement et au classement des vibrations sont les mémes pour les com- 
posés monométalliques que pour les cyanures (5-1), car les atomes M-C-O 
sont alignés. Celles de la théorie des valences dirigées peuvent étre diffe- 
rentes, car l’'atome accepteur est ici neutre. 

5-2-1. Ni(CO),. L’étude détaillée du spectre de diffusion a, en défi- 
nitive, confirmé la structure tétraédrique prévue par la théorie et suggé- 
rée par la diffraction des électrons [8]. Le spectre d’absorption a éga- 
lement été étudié [39]. 


TABLEAU V. 
o absorption 2: 2050 
o diffusion 2040 
Ty pe . ; y ; 4 Fy 
Mode (fig. 5) ‘ ‘ ‘ Ve 
o calculé [8] : 7 : 460 2043 2050 


o calculé [67 9: : 166 2043 2039 


5-2-2. Cr (CO), et Mo (CO),. Le spectre infrarouge de ces compasés 
gazeux est bien connu, soit par détermination directe des fondamentales, 
soit par l’analyse des combinaisons. L’étude du spectre de Raman se heur- 
te a-la faible solubilité et 4 la photosensibilité des composés. Les résultats 
[32] sont donnés pour Mo (CO), dans le tableau VI, ot les nombres entre 
parenthéses sont déduits de fréquences de combinaison 


TABLEAU VI. 


o absorpt. (70) (80) (327) 385 595 2000 
o diffus. (80) (230) (334) 380 (477) (2022) 2034 
Type Feu Fiu Fog Feo Feu Eg Fiu Aig Fig Fiu Fiu Eg Aig 


Mode (fig. 6) v,, Ve _. a to 


Le spectre de W (CO), est incomplétement connu [82]. 

5-2-3. Fe (CO),. Tout ce qu’on peut dire au sujet de ce composé est 
que la structure en bipyramide ternaire (fig. 7a) est compatible avec le 
spectre infrarouge observé. Les spectre de diffusion n’a pu étre obtenu, a 
cause de la photodécomposition [83]. 

5-2-4. Fe, (CO),. Le spectre d’absorption du solide, trés incomplet, 
ne permet pas de conclusion certaine sur la structure [83]. 
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9-2-5. Dans les métaux carbonyles qui ne contiennent qu'un atome 
métallique, la fréquence de la liaison CO reste beaucoup plus voisine de 
la valeur qu’elle a dans l’oxyde de carbone (o = 2155 cm™~') que de celle 
qu'elle posséde dans les aldehydes (c ~ 1700 em~'). 

D’autre part, si l'on admet que la fréquence de pulsation du nickel- 
carbonyle est 380 cm~', on tire de la formule (1) la valeur / = 2,4.10° 


C=0 
S 


a) 


Fic. 7 a) et ! 


dynes/cm, valeur normale pour une liaison par paire d’électrons. Ces faits 
suggerent que le schéma des valences dans Ni (CO), est 


Ni , 0. 


Cependant, en se fondant sur la mesure des distances atomiques par 
diffraction d’électrons et sur la charge des atomes, Pauling [69] a proposé 
le schéma suivant: 

Ni , 0. 


On trouvera en [27bis] une discussion favorable a ce dernier type de 
liaison. Pour lever la contradiction entre les deux ensembles d’arguments, 
il convient peut-étre de tenir compte de la coordination des groupes CO, 
qui éléverait la fréquence de tension CO, abaissée par la modification du 
type de liaison, comme elle le fait pour les groupes CN (5-1-2). 

Dans le spectre infrarouge de Fe, (CO),, on trouve une bande a 1828 
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cm~', dont la fréquence se rapproche donc de celle du groupe carbonyle. 
Effectivement, la distance C-O est égale 4 1,3 A pour les trois groupes CO 
qui unissent les deux atomes de fer (figure 7b). 

3-3. Composés hydroxylés. Dans les anions du type M (O//), ou M 
(OH),, on prévoit théoriquement que la direction de la liaison O-H1 coin- 
cide avec celle de la liaison M-O si cette derniére a un caractere électro- 

statique (figure 8a) et fait avec 
elle un angle voisin de 110° si cette 


M OH liaison est covalente (figure 8d). 


© C’est seulement dans le cas a) que 
la symétrie D,, d'un ion tetra- 
d) coordonné serait conservée. En 


fait, des facteurs secondaires, tels 

que la formation de liaison par 

l’hydrogéne, peuvent modifier les 

schémas précédents. La difference 

entre le cas a) et le cas 5) ne peut 

© se manifester que dans les spec- 
tres de composés cristallisés de 

b) structure favorable, en lumiére po- 
larisée; on ne l’a pas étudiée jusqu’ 


a present. 
Fic. 8 a) et b) Le spectre de Raman des alu- 
minates [Al (OH),|~ et des zincates 
[Zn (OH),)*~ a été observé en solution [46]. Ce dernier contient trois raies 
de basse fréquence; on suppose, assez arbitrairement, que les fréquences 
v, et v, de la figure 3 coincident et on en conclut a une structure en té- 
traedre. Les vibrations de tension O-H donnent une large bande vers 3500 
cm". La question demande de nouvelles recherches. Les stannates [Sn 
(OH,)|*~ et les antimoniates [Sb (OH,)|~ n'ont pas été étudiés. 


6. STRUCTURE DES COMPOSES CONTENANT 
DES GROUPES POLYATOMIQUES MONO- 
COORDONNES., 


6-1. Nitrites. 6-1-1. Dans les complexes nitro de formule [M (NO,),]*~ 
(M = Pt, Pd), ont doit penser que les atomes d’azote, par lesquels se fait 
la liaison au métal, sont disposés aux sommets d'un carré. Mais il existe 
pour les groupes NO,, dont le forme est triangulaire symétrique, deux 
orientations autour de la liaison M-N, qui donnent toutes deux 4a l’en- 
semble la symétrie D,, (figure 9). Dans les deux cas, le spectre de Raman 
doit contenir 11 raies, dont trois polarisées, le spectre infrarouge 5 raies. 
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On ne peut donc distinguer par leurs spectres de vibration les deux mo- 
déles de la figure 9. 

Le spectre d’absorption n’a pas été étudié. Les spectres de diffusion 
sont incomplets [53]. Les nombres suivants se rapportent a Na, [Pt 
(NO,),| en solution. 


307 321 835 847 1325 1364 1412 
D P » Ff Pp D 


Le principe du couplage s'applique manifestement, les deux vibra- 
tions fondamentales symétriques de lion NO,~ (6 = 813 et 1325 cm~'‘) se 
dédoublant en donnant chacune deux raies, l'une polarisée, l'autre dépo- 


0 


larisée, comme la raie C-N des schémas y, et v, de la fig. 4. La vibration 
antisymétrique de NO,~ (¢ = 1225 cm~') ne donne que des raies dépo- 
larisées. La fréquence 321 cm~' 
talement symétrique. 

6-1-2. Le spectre de diffusion des composés |M (NO,),]*~, (M = Rh, 
Ir) s'accorde avec les prévisions d'une structure octadrique réguliére [53]. 
Le spectre d’absorption de Na, [Co (NO,),| n'a été étudié que dans la ré- 
gion des vibrations du groupe NO, [60}. 

6-1-3. A l'état libre, lion NO, résonne entre deux structures symé- 
triques [69]. La liaison entre l’atome d’azote et un atome métallique sta- 
bilise la simple liaison N-O, donc devrait abaisser la fréquence de tension. 


est certainement celle de la pulsation to- 


Leffet de la coordination doit compenser a peu prés cette diminution, car 
les frequences propres 4 NO, dans les nitrites complexes sont voisines de 
celles de l'ion NO, 


§-1-4. Dans les complexes nitrito, le groupe NO,, est lié a l’accep- 


teur par un atome d’oxygene, selon M-ONO. On a cru a lidentité spectra- 
le des isoméres [Co (NH,), NO,]** et [Co (NH,), ONO]** [45]; mais des 
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études récentes d'absorption infrarouge ont montré que les spectres des 
deux composés sont différents et que celui du second évolue au cours du 
temps vers celui du premier [70] (*). 

6-2. Hydrates. 6-2-1. En solution aqueuse, on n'a jusqu’a present 
jamais trouvé plus d'une raie de diffusion attribuable aux déplacements 
des molécules d'eau coordonnées autour d'un cation. On n’en peut 
donc tirer de conclusion sur la forme de lion complexe. En admettant 
que cette raie est due 4 la pulsation totalement symétrique, la formule (1) 
donne des valeurs de l’ordre de 1,5.10® dynes/em pour la constante /. 
L’étude de la structure de vibration des bandes électroniques situées dans 
l'infrarouge proche [19] a conduit a des valeurs de l’ordre de la moitié 
des précédentes [81]. 

Dans le spectre de Raman des cristaux hydratés, on n’a générale- 
ment décelé qu’une raie, rarement deux ou trois, auxquelles on puisse 
attribuer l’origine précédente [54]; on ne peut donc en tirer de conclusions 
certaines sur la figure que forment les molécules d'eau coordonnées. 

6-2-2. La molécule d'eau, a l'état de vapeur, a une forme triangu- 
laire symétrique et posséde trois vibrations fondamentales (o, 1595, 
6, = 3650, o, = 3750). La coordination autour d'un cation peut modi- 
fier beaucoup les fréquences précédentes: o, et o, sont toujours abais- 
sées, oc, toujours élévee. En solution dans l'eau, il est difficile de faire la 
part des molécules de la masse du solvant et de celles qui sont coordonnées. 
Dans les cristaux, les liaisons par Il hydrogene que forment ces derniéres 


molécules entre elles ou avec les anions, agissent sur les fréquences, sur 


l'intensité et sur la largeur des bandes d'une facon compliquée; on trou- 


vera en [54] un apercu de la question. 

Les schémas de la figure 8 s'appliquent aux molécules d'eau comme 
aux groupes oxhydriles. On a essayé de choisir entre eux dans le cas du 
composé Cu (OH,), Cl,, en mesurant le dichroisme de la bande «o, des 
cristaux [79]; mais aucun des deux schémas n'est satisfaisant, car il faut 
tenir compte des liaisons par l’hydrogéne que forment les molécules d'eau 
avec les ions Cl~ des groupes Cu (OH,), Cl, adjacents, ainsi que l'avait 
montré auparavant |’analyse du spectre de Raman [52]. 


6-3. Composés onium. 


6-3-1. Ammonium. L’atome d’azote, trivalent dans une molécule 
R,-N, posséde une paire d’électrons non partagés et peut devenir tétra- 
coordonné en s’adjoignant une molécule ou un ion accepteur. Le plus 
simple des composés d’ammonium est l’ion NH,~. En passant de la sy- 


(**) Pour une discussion d'autres données, voir [1] p. 268. 
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métrie C,, de NH, a la symétrie T, de N/H/,*, on constate une variation 
importante des quatre fréquences fondamentales (*). 


Nile : 950 1627 
MY | Pag 1.127 1700 


Des variations analogues se constatent chaque fois qu'une amine se 
transforme en ion ammonium [22, 26], le fait le plus net étant labaisse- 
ment des fréquences de tension des liaisons N-I/ (*"*). 

Il en est de meme dans le spectre des acides aminés isoélectriques 

en consequence de la charge positive que possede le groupe amine 
*J1,N-R-CO,; tandis que dans le spectre de Raman des sels de sodium 
de ces acides, on trouve une raie a 3320 ¢1 ', caractéristique du groupe 
NH, non ionise. 

6-3-2. Oxonium. Les spectres de diffusion des mélanges d’alcools ou 
des oxydes de méthyle et dethyle avec un exces d’hydracide halo- 
gené montrent des raies supplémentaires, indiquant la formation de com- 
poses nouveaux (cf. 3-1.). L’analogie entre ces spectres et ceux des compo- 
sés du type ?CI/,C/ avait fait proposer | 1] de remplacer les formules oxo- 
nium 


Ry 


>0-H 
“ 


par des formules « oxane 


0 


R. tt 
r~ “yu 


ol: latome O est tétracoordonne. On considere actuellement cette dernie- 
re structure comme invraisemblable, car elle implique le passage d’un élec- 
tron de 0 du niveau 2p au niveau 3s, ce qui exige une forte energie. On 
admet qu'il y a superposition (une structure oxonium et dune liaison 
par forces de Van der Waals [89]. 


(43) Nous avons pris les fréequences ce Nil, clans | cel ion est aussi peu pertubeé que possible 


per la formation de liaisons par lhydrogene [12 

(**) Cela fit croire, jadis, [26] a wn dissimuhation des : onus N-7l dans les composes de l’'azote 
tetracoordonne. Cette opinion est encore attribuce, a tort s uuteurs [1], alors que leur point de vue 
s’est depuis longtemps modifi¢ en ce qui concerne les compos l'état solide (25). kin solution dans l'eau, 
les phenoménes demeurent obscurs 
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6-4. Ammines. 6-4-1. Dans ces composes, la liaison de l'ammoniac 
a l’'atome central accepteur se fait par l'atome d’azote. Considérons d’a- 
bord les composes M (NH,),. Dans une structure tetraedrique (n 1), si 
l'axe ternaire de chaque molécule NH, coincide avec la direction de la liai- 
son M-N, la symetrie T, 
(n 1) ou tetraédrique (n = 6), toute position fixe de N//, abaisse la sv- 


reste maintenuc. Dans une structure carrée 


métrie de ensemble; ce n'est que si ces molécules peuvent tourner libre- 
ment autour de leur axe que la symetrie quadratique ou cubique est con- 
servee en moyenne. 

Les vibrations internes de N//, ont des frequences beaucoup plus 
élevées que celles de l'ensemble du complexe. Dans le spectre de Raman 
de basse fréquence de [Pt (N//,),| Cl, en solution, on trouve [49] 3 raies 
(o == 270, 526 et 538 cm~"*). Ces resultats, ainsi que l’éta: de polarisation 
des raies, montrent seulement qu il doit exister un axe quaternaire (") 
et ne permettent pas de conclusions sur l’orientation des molécules NH. 
Par contre, l’existence de trois raies (¢ = 270,175 et 500 cm ~', les deux pre- 
miéres dépolarisées) dans le spectre de Raman de [Rh (NH,),| Cl; en solu- 
tion montre que la symétrie cubique est conservée et est en faveur de la 
libre rotation (**). La coloration des ammines du chrome et du cobalt 
rend difficile etude de leur spectre de diffusion. Dans le spectre de [Co 
(NI,),] Cl,, on a trouvé une raie ¢ = 570 em~* [3]. Les spectres infra- 
rouges de tetrammines et d’hexammines ont fait l’objet de nombreuses 


études [6bis, 21, 24, 36, 41, 64] entre 650 et 3500 cm~*. D’aprés ce qu’on 


vient de voir au sujet du spectre de diffusion, les vibrations dues a la coor- 
dination ont des frequences au-dessous du domaine étudié. On a cependant 
cru [21, 41], que les bandes d’absorption observées de facon réguliére vers 
700 a 800 cm~* pour tous ces composés (?”) leur étaient dues. Mais le rem- 
placement de NH, par ND,, abaissant considérablement la valeur de lew 
frequence, conduit a penser qu’elles proviennent de librations des molé- 
cules NF, [64]. 

Les diverses librations des groupes NH, ont été dénombrés et leurs 
fréquences calculées dans les chaines illimitées formées par I1gNI/,Cl [63]. 

6-4-2. Examinons maintenant les fréquences internes de la molécule 
Nii, dans les composés de coordination. Une variation analogue a celle 
que l'on a vue pour les composés d’ammonium (6-3-1) a été observée pour 
les complexes amminés. La théorie quantique admet [69] que des électrons 
se transportent depuis l’atome d’azote jusque dans une case incomplete 


**) Ces conclusions, qui portent sur le composé dissous, ne sont pas en contradiction avec celles de 
Cox et Preston [14], qui trouvent, par l’analyse aux rayons X, que dans la maille cristalline contenant 4 
molécules, les groupes NH, sont disposés en losange autour de l’atome central, Pd ou Pt; le champ cri- 
stallin, peut, en effet, diminuer la symétrie de lion complexe. 

(*) La méme conclusion résulte de mesures de chaleurs spécifiques [96 


(**) C'est la «bande A» de Duval et Lecomte [21 


SPECTRES DE VIBRATION ET STRUCTURI S COMPOSES DE COORDINATION 505 


du métal accepteur; il en résulte que |'atome N devient positif et que l'on 
doit s'attendre a ce que la coordination produise en effet analogue 4a !a 
formation de l’ion NH,*. La théorie électrostatique, de son cété, suppose 
que le cation central provoque dans la molécule NH, une polarisation qui 
rapproche de l’atome N le centre de graviteé des charges positives de cette 
molécule. La théorie prévoit donc un abaissement des deux fréquences 
de tension de NH,, d'autant plus marqué que la liaison de coordination 
est plus parfaite. Mais il faudrait tenir compte, comme dans le cas des 
cyanures (5-1-2) et des nitrites (6-1-2), de la coordination des moleécules 
NH,, qui augmente d’autant plus les fréquences en question que la fré- 
quence de pulsation de l'ensemble est plus élevée, donc que la liaison est 
plus forte. D’autre part, les liaisons par l’hydrogéne peuvent influencer la 
fréquence |7bis, 68]. Pour toutes ces raisons, sans doute, l’examen des 
données expérimentales ne conduit pas a des constatations nettes, comme 
le montre le tableau VII. 


TABLEAU VII, 


Composé Méthode Fréquences de tension 
Cd (NH,j),. — Raman $287 3372 
Zn (NHy), 3183 3274 
Cu (NH,), 8173 
Ni (NH,), — Infrarouge 3320 1 
S180 3 64 
360 6bis 
Cr (Nake 2 ec ew ew ot ee ee , id 3120 41 
3140 3205 3260 64 
2320 6bis 
Co(NNgle © 2 se se ee evenness id S080) 41 
3170 3240 64 
3280 6his)} 


Les nombres relatifs a la diffusion et al’absorption ne sont pas compa- 
rables entre eux sans précautions. En effet, une seule vibration fondamen- 
tale devrait étre active en absorption et on ne sait de laquelle des deux 
fréquences actives en diffusion on doit la rapprocher, car les mesures de 
polarisation n’ont pas été faites. D’autre part, les études de diffusion ont 
porté sur des corps dissous dans l'eau, les études d’absorption sur les soli- 
des; l’influence des liaisons par |’hydrogéne n’est probablement pas la méme 
dans les deux cas. Mais on voit, ce qui est plus grave, que les mesures d‘ab- 
sorption faites par les divers auteurs ne s’accordent pas bien entre elles. 

La vibration de flexion de NH;, « = 950 cm~' (bande B de [21)}) 
montre également certaines régularités dans son déplacement en fonction 
de la nature de l’atome accepteur. La vibration de flexion ¢ = 1627 cm~' 
varie peu ('). 


(*8) Les valeurs données en [21] pour le fréquence de cette vibration (bande C) s’écartent notable- 


ment des résultats plus récents, mais se montrent ¢ga ent constantes. 
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6-4-3. Dans des séries de composés amminés contenant d'autres 
groupes coordonnes que NH;, et par conséquent moins symétriques, on 
a examiné [84] l’influence d'autres facteurs empiriques (charge de lion, 
presence de molécules d'eau) sur les fréquences de tension; il ne se dégage 
pas encore de conclusions bien nettes de ces études. 

La presence d'un centre de symétrie dans l’isomére trans de [Co 
(NH), (NO,),] Cl fait que ses bandes d’absorption sont moins nombreuses 


que celles de l’isomeére cis et permet de distinguer ces deux composés [24]. 


STRUCTURE DES COMPOSES CONTENANT 
DES GROUPES POLY-ATOMIQUES POLY- 


COORDONNES, 


Ces corps entrent dans la catégorie des composés chélatés. Les chai- 
nes que la coordination a un atome métallique transforme en cycles, ont 
une lorme imposée par la structure du composé; en outre, leurs vibrations 


internes peuvent étre plus profon- 


4 dément modifi¢es que celles des 
a 


groupes monocoordonnés. 

7-1. Hydrures de Bore. Les 
spectres de diffusion et d’absorp- 
tion [72] du composé Al (BH,), 
contiennent des fréquences 1500 
cm~' et 2031 cm’, voisines de 
celles que l'on trouve dans le spec- 
tre de l‘hydrure de bore BH,, 
pour lequel on admet une structure 
comprenant des ponts d’hydrogene 
(ct. 4-1). On en conclut que la 

liaison du bore a l’aluminium se fait par l'intermédiaire de semblables 
ponts. Pour maintenir autour de chaque atome B une configuration 
tétraédrique des atomes H/, on est conduit a adopter pour les 6 atomes 
H qui entourent l’atome Al une disposition en prisme trigonal, ce qui 
donne a l'ensemble la symétrie D,, (figure 10). 

7-2. Acides. Ce sont les dérivés de l’acide oxalique qui ont été le mieux 
étudiés. Les études aux rayons X montrent que le groupe or = OOC-COO, 
qui peut former deux liaisons de coordination, est plan dans les trioxa- 
lates du type [M oz,]*~ (M Ir, Rh, Cr, Fe, Al). Dans ces composes, les 
atomes d’oxygéne qui forment les liaisons avec l’'atome M doivent étre 


situés en cis. Il existe des doubles liaisons C = O, contrairement a ce qui 
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a lieu dans l’ion C, 0,°~, car le spectre de Raman contient une raie 4 1730 


cm~* [31]. La symétrie d’un groupe ox coordonné est C,,. Dans les trioxa- 


lates, l'axe binaire C, (figure 11) 


est conserve, car il coincide avec l'un de ceux du groupe de symeétrie D, 
de l’ion[M ox,]*~. Des lors, toute vibration interne symétrique par rapport 
a C, donne, par couplage entre les trois groupes ox, une vibration de 
type A, et une vibration de type E, toutes deux actives en diffusion, 
la seconde seule active en absorption; toute vibra- 

tion antisymeétrique par rapport a C, engendre une 

vibration A, et une vibration EF, toutes deux actives 

en absorption, la seconde seule en diffusion. Dans 

le spectre d’absorption des trioxalates de Cr, Fe, 

Co, Al a Vétat solide, on constate en effet [80] que 

certaines bandes forment des doublets et que d'autres 

sont simples (**). Toutefois, la maille élementaire du 

cristal contenant quatre molécules, on pevt se demander si le couplage 
entre ces molecules ne joue pas un rol 

L’étude du spectre infrarouge a servi [5| a montrer que l’acide ethy- 
lenediaminetétracétique (enla), hexacoordonné dans [Co ental], devient 
pentacoordonné dans [Co enta NO,]~: une bande d’absorption a 1740 
cm~' apparait dans le second de ces composés, indiquant la présence d’u- 
ne fonction acide libre. 

7-3. 8 dicétones. On connait le spectre d’absorption des acétylacéto- 
nates de nombreux métaux tétra ou hexacoordonnés, entre 500 et 3000 
cm~' [20]. Ces études ont été étendues pour les composés de cuivre 4 d’au- 
tres dicétones ainsi qu’a l’aldéhyde salicylique [1]. On ne trouve pas, 
l 


dans le spectre, de bandes vers 1700 cm caractéristiques de la liaison 


C = O. Les auteurs s’accordent pour penser que les cétones existent dans 


('*) Les nombres d’onde donnés en [80] différent sensiblement des valeurs anciennes [18]. 
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ces composes sous la forme énolique et qu'il v a résonance entre les deux 


Structures 


as 


Les deux liaisons ¢ et ¢ VY acquierent de e lait des proprie- 
es intermeédiaires entre celles d'une s mple et dune double liaison: on 
leur attribue les bandes situées vers 1300 et La80 en 

1. Ammines. La consideration des rayons atomiques conduit a 

nser [93] que les cycles pentagonaux WM (/1,N-Cll,), ne sont pas plans 
mais gauches (figure 12) dans les 

NH, complexes de triethvlenediamine. 

Il existe alors deux formes poOssi- 
bles pour les ions (M en,) (figure 13) 
ine (1) lasvmetrie C.,, Vautre (11) 
isymetne D La premiere pos 
secte Line cencre les Irequences 
ctives en absorption ne doivent 


lonc pas létre en diffusion et in- 


versement: ce plus, les vibrations 
inalogues a v, et v, de la figure 4 
deviennent Lotalement symetriques 


et donnent des raies de Raman 


| 
é 
K polarisées; 4 la vibration v,, cor 


respond ule rak dépolarisee. La 


forme II n’a plus de centre: toutes 

ses vibrations deviennent actives en diffusion. L’étude du spectre de Ra- 
man du composé Pi en, Cl, est favorable a la premiere de ces deux 
structures [49]. Cette conclusion a été confirmée, depuis lors, par étude 

x ravyons X [62]. 

7-0. Composes sulfures. C'est egalement sous la forme gauche que 

Ht, C CH, SCN) ainsi que le diméthyle-1,2 mercaptoethane [86] dans 
les composes M Cl, (11, CS. 11,C. Cll, SC11,), 0 M Pd, Pt, Cu, Ni. 


Ces conclusions sont fondées sur l'analogie que présente le spectre d’ab- 


le dithiocvanato-1.2 ethane 73} est contenu dans le compost Pl Cl, (NE ‘. 


sorption des composes chelates avec celui des composes sullurés purs a 


l'état solide, dans lesquels la configuration des molécules est connue. 
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7-6. Acides aminés. On a étudié ke spectre infrarouge des composes 


du type M (H, N-CH,CO,), + 1 (ou 2) H, O, ot M désigne Cu, Ni [61] 


ou Zn [87]. La configuration des « omposes pas ete determines de cette 
tension N-// est abaissée (de 3330 


maniere. On constate que la fréquence ck 
§270-3250 dans les compo- 


cm~* dans le gluciniate de potassium jusq 


CH, 


sés de coordination) ce que l'on considér mme indiquant une liaison 


VU-N essentiellement covalente. Par contre n trouve dans les spectres 


une bande vers 1600 cm’, indiquant que la resonance du groupe CO, 


ele trostatique 


onisé existe encore: la liaison .M-O serait essentiellement 


7-7. Dimeéthylqlyoximes de mélaux tét; rdonnés. La stabilité parti- 
culiere de ces composes s explique pal la lormation cle cvcles multiples, 


au moyen de liaisons par I‘hydrogéne, selon le schéma suivant: 


La distance O.H.O est seulement 2.44 A dans le compost 


> Cm 


qui conduit a une fréquence de tension OH eégale a 177: 
2-4-2) pour déterminet 


7-8. On a utilisé la notion de couplag 


structure des « omposes chélateés que form salicvlaldoxime aver 
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ckel, le cuivre, le zinc, est carrée ou tétraédrique [84]. Admettons pour 
ces composes une configuration frans, que represente la formule suivante: 


La vibration de tension des groupes N// doit donner par couplage, 
dans le cas d’une structure carrée centrosymétrique (V/ Cu, Ni) une 
vibration symétrique inactive en absorption et une vibration antisyme- 
trique: on n’observe, en effet, qu'une bande infrarouge 4 3313 cm.~' Dans 
le cas d'une structure tétraédrique, il n'y a plus qu'un axe binaire: le cou- 
plage fournit encore deux vibrations, mais toutes deux actives en absorp- 
tion, par suite de l’absence de centre de symetrie. On pense eflectivement 
voir deux bandes d’absorption dans le spectre du composé de zinc. 


8. COMPOSES MOLECULAIRES, 


Des molecules organiques ou inorganiques peuvent sunir entre elles 

par des liaisons covalentes. 
8-1. Les halogénures inorganiques, en particulier, forment des com- 
posés du genre F, B. NII,, Cl; Al. O (CyIls5)o, etc. [89] dans lesquels une 
structure covalente joue un role essentiel. 
Pp - Il ne semble pas que ces composés aient, 
QO a été, Jusqu a present, l'objet d'études spec- 


Lroscopiques. 


+ 9 Signalons cependant que le spectre de 
+> diffusion montre [27] que dans la forma- 
tion du composé 2 BF,. NO,H, les deux 


molecules BF, sont reliées directement aux 
atomes d’oxygene de O//NQO,. 


8-2. Par contre, on a étudié les spec- 
ae QD tres de vibration des composés formés 
_ par divers sels inorganiques avec les car- 


Fic. 14. bures oléfiniques. Ag NO, peut s'unir avec 
le cyclohexene, le cis-2-buténe, etc [91]. 
La fréquence de la vibration de tension C = C du carbure libre s’abaisse 


de 60 4 70 cm~* dans le composé formé. On admet [7] que la structure 


est essentiellement celle de Dewar [17] (figure 14). 
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La formation de composés entre oléfines et PiCl, s’accompagne d’u- 
ne diminution de fréquence d’absorption de la vibration C = C beaucoup 
plus forte que la précédente, environ 140 cm~'[7]; les auteurs admettent 
que la structure de Dewar est seule importante. La figure 15 montre la 
structure du composé .K (PICl, C,H,). 

8-3. Bien que l'on ait proposé une théorie coordinative de la formation 


de composes entre molécules cycliques, telles que des amines et des déri- 


H 


vés nitrés [1] ou que l’on ait fait jouer un role partiel aux liaisons de coor- 
dination [66], le mode de liaison qui intervient dans ce.cas ne semble pas 
encore bien établi et nous ne parlerons pas de cette classe de composés. 


9. CONCLUSIONS. 


Plus simples que les spectres électroniques, les spectres de vibration 
ont une structure reliée de facon directe 4 la symétrie des édifices atomiques 
unis par des covalences, et par suite des composés de coordination, la 
liaison coordinative ne se distinguant pas, une fois formée, de la liaison 
homopolaire. Il est toujours utile de connaitre a la fois le spectre de dif- 
fusion et le spectre d’absorption, qui se recoupent ou se completent. 

Si la molécule est assez simple, l'étude spectrale fournit des rensei- 
gnements assez directs sur la direction des valences et sur la force des 
liaisons. On peut méme calculer de facon satisfaisante l'ensemble des 
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fréequences de vibration, en partant de fonctions potentiel relativement 
simples. 

A mesure que la molécule se complique, le déchiffrement et l’inter- 
prétation des spectres deviennent plus difficiles. Mais l’emploi avisé de re- 


lations empiriques (fréquences caractéristiques), de la comparaison entre 


spectres des groupes libres et coordonnés, de la notion de couplage, per- 
met de préciser souvent des points intéressants de structure moléculaire. 
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\bsorptionsspektren von Komplexverbindungen 


im sichtbaren und ultravioletten Gebiet 


{llzemeine vorlesung 


HERMANN HARTMANN 


im Mair Deutschland 


Zusammenfassung 
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umd ciskuticrt 


In den letzen zwei Jahren ist die Analyse der Absorptionsspektren 
fiir eine Reihe weiterer Verbindungen durchgefiihrt worden [1]. Das‘elek- 
trostatische Modell [2] hat sich dabei als Ausgangspunkt der Theorie wei- 
ter bewahrt. Man kann heute schon mit Recht davon sprechen, dass so 
ein neues Gebiet der Molekiilspektroskopie entstanden ist, das wegen sei- 
ner Bedeutung und seines Umfangs mit den klassischen Analysen der Spek- 
tren zweiatomiger Gebilde und mit der Spektroskopie der Molekiile mit 
m-Elektronensystemen verglichen werden kann. 

Nachdem nun zuverlassige Spektren von Verbindungen des dreiwer- 
tigen Molvybdans [3] und des dreiwertigen Ruthens [4] vorliegen, lasst sich 
zuverlassig iberblicken, dass die theoretischen Vorstellungen, die zunachst 
fiir ganz oder teilweise elektrovalente Komplexe der Elemente der ersten 
Uebergangsreihe entwickelt worden sind, auch fiir die Verbindungen der 
héheren Uebergangsreihen zutreffen. 

In der letzten Zeit hat eine theoretische Frage gelegentlich Schierig- 
keiten bereitet. Diese Frage wollen wir deshalb hier etwas ausfiihrlicher 
behandeln. Es handelt sich um das Verhaltnis der Methoden des schwa- 
chen Feldes und des starken Feldes zueinander. Ausgangspunkt der Be- 
trachtung ist in beiden Fallen ein lonenmodell, bei dem die Aussenelektro- 
nen mit dem lonenrumpf aber nicht untereinander in Wechselwirkung 
stehen (Die Einfiihrung eines Abschirmfeldes auf dieser Stufe ist trivial und 
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soll nicht weiter explizit beriicksichtigt werden). Auf dieses Ionenmodell 
wirken als Stérungen ein: 1. Die Wechselwirkung der Elektronen unter- 
einander, 2. Die Wechselwirkung der Elektronen mit dem Komplex- 
feld. Die entsprechende Stérungsrechnung kann also in zwei Schritten 
ausgefiihrt werden. Je nachdem man die erste oder die zweite Stérung im 
ersten Rechnungsschritt behandelt, folet man der Methode des schwa- 
chen oder des starken Feldes. 

Im Ausgangsionenmodell entspricht jeder Elektronenkonfiguration 
ein Energiewert oder Term. Wird nun die Elektronenwechselwirkung 
eingeschaltet, so entsteht aus diesem Modellterm eine Reihe von Ionen- 
termen. Tritt nun ausserdem im zweiten Rechnungsschritt die Feldwir- 


kung hinzu, so spalten die lonenterme in die Komplexterme auf. Die Ei- 


genfunktionen, die den lonentermen zugehéren und mit denen also die 
zweite Stérungsrechnung ausgefiihrt wird, sind Linearkombinationen @ 
von Heisenberg-Slater-Eigenfunktionen Y [5] oder physikalisch gleichwer- 
tige und nach gruppentheoretischen Gesichtspunkten ausgewahlte Li- 


nearkombinationen von ihnen, bei deren Aufbau die Einelektroneneigen- 
funktionen 


(1) 


des Ausgangsions verwandt wurden. Diese Linearkombinationen kann 
man auch schon vor dem ersten Schritt der Stérungsrechnung bilden und 
nach Zusammenfassung der beiden Stérungsoperatoren die ganze Stérungs- 
rechnung mit diesen Funktionen auf einmal ausfiihren (Methode des 
schwachen Feldes). 

Andererseits kann man erst einmal die Basis (1) der Einelektronen- 
funktionen linear zu Funktionen etwa der Art 


(y) 


kombinieren, die die Eigenschaft haben, sich familienweise nach irreduzib- 
len Darstellungen der Symmetriegruppe des Komplexions (im Beispiel, 
der Oktaedergruppe) zu transformieren. Schaltet man jetzt das Kom- 
plexfeld in der ersten Rechenstufe ein, so treten die Energien, die zu den 
Einelektroneneigenfunktionsfamilien (im Beispiel ¢ und y) gehéren, aus- 
einander. 

Zu jedem Term des « Modellions im Komplexfeld » gehért deshalb 
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eine Elektronenkonfiguration ¢’ y"~’ (n: Zahl der Elektronen). Die zu die- 
sen Termen gehérenden Gesamteigenfuntionen sind Heisenberg-Slater- 
Eigenfunktionen ” bzw. Linearkombinationen @' von solchen, bei deren 
Aufbau die Einelektroneneigenfunktionen ¥,' bis ¥; verwendet werden. 
Diese Funktionen “” bzw. o kénnen nun dem zweiten Rechnungsschritt 
zugrundegelegt werden, bei dem die Elektronenwechselwirkung eingeschal- 


tet wird. Ausch hier kann man die Funktionen o gleich am Anfang bil- 
den, die beiden Stérungsoperatoren zusammenfassen und die Stérungs- 
rechnung aufeinmal ausfiihren (Methode des starken Feldes). 

Wenn man nun in einer Funktion ” die Einelektronenfunktionen ¥,, 
bis J,’ durch die nach (2) gebildeten Linearkombinationen der ¢, bis ¥, 
ersetzt und bedenkt, dass eine Determinante sich durch Linearkombina- 
tion der Spalten nicht wesentlich andert, stellt man fest, dass jede Funk- 
tion *” sich linear durch Funktionen VW ausdriicken lasst, sodass also in An- 
betracht der physikalischen Irrelevanz einer Basistransformation bei der 
Storungsrechnung folgt, dass die vollstandig durchgefiihrte Methode des 
starken Feldes mit der Methode des schwachen Feldes hinsichtlich det 
Ergebnisse genau iibereinstimmen muss 

Wir haben das Wort volistindig betont, weil bei dem Vorgehen nach 
der Methode des starken Feldes die Einfiihrung zusatzlicher Vernachlas- 


gen manchmal nahehegt. So kénnte man versucht sein bei der Be- 


handlung etwa des oktaedrischen d°* -Problems nur die WKonfigurationen 


h 
ind <« y zu beriicksichtigen und die ibrigen bzw. die ihnen entsprechen- 
den Eigenfunktionen nicht in das Sakularproblem aufzunehmen. Das wiir- 
de aber eine willkiirliche Dezimierung der Basis sein, sodass die Ergeb- 
nisse einer solchen Rechnung sicher schlechter sind, als die der vollstan- 
digen KRechnung. Das Argument, dass man die hoheren Kontligura- 
tionen aus energetischen Griinden weglassen kénne, verfangt nicht, wie 
der Fall der magnetisch normalen Verbindungen des dreiwertigen 
zeigt, bei denen der Grundterm nicht aus der tiefsten Konfigura- 
sondern aus <¢ y stammt. 
der Rechnung mit deformierten Einelektroneneigenfunktionen. 
ichster Naherung versuchen koénnte, ist hinsichtlich der Ver- 
beider Naherungswege nur zu bedenken, dass jetzt die Elektro- 
hselwirkungsintegrale fir das lon im Komplex nicht mehr unmit- 


us den empirischen Termen des freien Ions entnommen werden 


kénnen 


Infra-red spectroscopic evidence of an interaction 


between the NH bonds of coordinated amines and 


the non-bonding d-electrons of metal atoms 
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Summary: Kecent studies of the NH stretching bands of complexes frans-+L, amMCl, 
(L uncharged ligand; am amine; Pt or Pd) have provided further data which 
can be explained by the postulated interaction between the NH groups of coordinated 
amines and the d-orbitals of M. These results show that the interaction is between the 
hydrogen atoms of the NH groups and filled orbitals of the metal atom and is not hy 
perconjugation 
The evidence of the interaction can be classified the following ways 
(i) anomalies in the relationship between the NH band frequencies and intensities 
due to varying amounts of double bonding betwee nd M 
(ji) conformational effects upon the hydrogen ! ding properties of the complexes, 
¢.4., primary amine complexes show a strong tendem to associate through intermolecu- 
lar hydrogen bonds (.‘\ H Cl) whereas secondary amine complexes in general do not 
(iii) o-substituted aniline complexes show more than the expected number of NH 


stretching bands, this being due to an equilibrium lution between conformations of 


. 


these complexes in which the interaction occurs to different extents 


INTRODUCTION. 


During the past few years we have made a fairly detailed study of the 
NH stretching bands of coordinated primary and secondary amines in 
complexes of the type trans-[L,amineMCI,|] where M is platinum [1,2] and 
palladium [3]. Our object was to investigate the electron distribution in 
the coordinate link between nitrogen and platinum or palladium as a func- 
tion of the electronic properties of the donor atoms in other uncharged li- 
gands (L) attached to the metal atoms. (L is e.g. PPh,, Palk,, AsAlk,, 
P(OMe),, Alk,S, Alk,Se, Alk,Te, piperidine, 4-n-pentylpyridine, C,H,). 

During this work, we obtained evidence of an interaction between 
the NH groups of the coordinated amines and the non-bonding d-orbitals 
of the metal atoms, and this is a suitable occasion to gather the evidence 
together and to give our views upon the nature of the interaction. 


RELATION BETWEEN NH sTRETCHING FREQUENCIES AND BAND INTENSITIES. 
Our first evidence of such an interacti irose during m urements 
the NH stretching frequencies and ban nsitie rf se ondal 


nplexé 


J. CHATT, L. A DUNCANSON, I M. VENANZI 


In general we found that the less electronegative the ligand atom in L 
the greater the release of electrons from the platinum to the nitrogen atom 
in the Pt-N bond. This is shown by the fact that the NH frequency v 
rises and the band intensity B falls. 


4 
. 


B 


y 


i.e. the NH stretching band becomes more like that of the free amine 
as donation from L increases. 


3260 


Piperidine 


4-n-Pentylpyridinen, 
4/ 14% 
10 intensity ° 6%) 
3210 j 


33 3,6 3,9 42 4,5 
Fic. 1 - NH stretching frequencies and Band intensities of complexes frans-{L, piperidine PICl,] 
and trans-(L, piperidine PdCl,) in CCl, solution 
(1) trans-{L, piperidine PdCl,) 


@ trans-L, piperidine P/Cl,) 
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Now if this inductive effect alone wer perative, a smooth continuous 
rt lationship between ¥ and R would bye cted as § is changed. In fact 


be seen in Fig. 1. In 


such a relationship does not invariably hold as can 
this diagram the NH stretching band free 
Square roots of the band intensities for diff 


encies are plotted against the 
rent ligands L, as marked. 


Wave rumber 
3200 3700 3000 


"1G. 2 - trans -[Pr®,S, p-tol, PICl,) 
71) 0.00754 M in CCl, 


@ 0.00259 M in CCl, 
(3) 0.0564 M inCCl,: dioxan 
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For a given NH frequency the palladium complexes have a conside- 
rably higher band intensity than the platinum complexes. What is more, 
even for a given central metal atom some of the points lie significantly 
on the high intensity side of the best lines drawn through the majority 
of the points. 


HYDROGEN-BONDING BEHAVIOUR OF AMINE 
COMPLEXES. 


We found that in general primary amine complexes have a strong 
tendency to associate through intermolecular hydrogen bonds. Typical 
evidence of this can be seen in Figure 2. This shows the NH stretching bands 
of a complex, containing p-toluidine as the amine, in dilute solution. The- 
re are two bands due to monomer which increase in intensity as the solu- 
tion is diluted and two broad bands due to associated molecules which 
show the opposite behaviour on dilution. When dioxan is added to the 
solution the monomer bands disappear. 

Secondary alkylamine complexes on the other hand show little if any 
tendency to associate in this way and as can be seen in Figure 3 (a & b) on- 
ly a single NH band is observed even in fairly concentrated solutions and 
in the presence of dioxan. 


An exception to this behaviour is found in the case of secondary aryl- 
alkylamine complexes. For example complexes containing N-methyl ani- 
line show no tendency for association through N-H... Cl bonds (self-as- 
sociation) in solution but will form hydrogen-bonds with dioxan (Figure 3c). 


a 


@ © 


3300 3200 


Wave number 


Fic. 3 - (a) trans - PPr*,, NHE1t,, PiCl, ; 0.00691 M in cCcl, 
(b) trans - PPr®,, NHEt,, PICl, ; 0.125 M in CCl, : Dioxan 
(c) (1) trans - PPr®,, NHMe-« C,H,, PtCl, ; 0.0121 M in CCI, : Dioxan 
trans - PPr®,, piperidine, PiCl, ; 0.0662 M in CCl, : Dioxan 
ei lrans - PPr®,, NH Me + C,H,, PtCl, ; 0.00732 M in CCI, 
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DISCUSSION. 


The anomalies in the NH frequency: band intensity relationship led 
to the postulation of an interaction between the non-bonding d-electrons 
of the central metal atom and the NH bond of the coordinated amine. 

In Figure 4 it can be seen how such an interaction can occur. On the 
left is represented a non-bonding d-orbital of the metal atom and it is of 
such a shape that if the electrons in it oscillate with the NH bond the tran- 


high electron low electron 
density density 


No double bonding ; Double bonding 
e.g., L RN e.g., L = RP; C,H, 


sition moment of the NH vibration and hence the band intensity will be 
reduced. If the valency shell d-electrons are more tightly held, e. g. in pal- 
ladium as compared with platinum or when L is a ligand which forms a 
double-bond to the metal, the effect is reduced and the band intensity is 


correspondingly increased. 

The effect could, in theory, be either a hydrogen-bond type of inte- 
raction between the proton and a filled d-or dp-hybrid orbital, or hyper- 
conjugation between the electrons of the NH bond and an empty dp- 
hybrid orbital of the metal. 

To distinguish between these two possibilities we consider the hydro- 


gen-bonding behaviour in the light of the probable conformations of the 
different types of amine complexes. 

If we represent the plane of the complex, by, Cl Cl, the position 
of the dy, and dyy orbitals of the metal can be represented by the circles 


as follows: 
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There is evidence [3] that steric repulsions between the alkyl group on the 
nitrogen atom and the chlorine atoms play a large part in determining the 
conformations of these complexes so we can represent the most stable con- 
formation of a primary amine complex as 


In secondary amine complexes however, if steric repulsions are mini- 
mised, the NH bond must lie in either the YZ or XY plane 


The interaction between the d-orbitals and hydrogen atom should there- 
fore be greater in secondary than in primary amine complexes. Furthermore 
if it is hyperconjugation it would render the NH bond more acidic and hy- 
drogen bonding should be greater with II than with I. In fact hydrogen- 
bonding is strongest in primary amine complexes and so we conclude that 
interaction of the N-H bond with the d-orbitals has the character of an 
intramolecular hydrogen-bond. 


When one of the groups R in II is phenyl, molecular models show 
that, being flat, it can turn fairly easily into an eclipsed configuration 


(III) 


H 


/ 
y 


— a P 
(a>—t—<a 
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in which the interaction of the hydrogen atom with the d-orbitals is mini- 
mised and therefore intermolecular hydrogen-bonding can occur, as we 
have observed in dioxan solutions of N-methyl aniline complexes. In 
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other words if conditions for intermolecular hydrogen-bonding are made 
favourable enough the weaker repulsion between pheny! and chlorine can 
be overcome sufficiently to free the N// group from interaction with the 
d-electrons of the metal. 

Finally, returning to the primary amine complexes, if the symmetri- 
cal arrangement I is disturbed by the attachment of an o-substituted phe- 


nyl group to the nitrogen atom other conformations are favoured in which 


one of the NH bonds is in a position to form an intramolecular bond with 


the metal through the d-electrons (e.g. IV) 


Evidence for this is shown in Figure 5 where it is seen that one of the mo- 


nomer bands has split into two components. This suggests that an equi- 


80 
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librium exists between conformations with different amounts of intramo- 
lecular interaction between the NH bonds in the monomer and the d-elec- 
trons of the metal. 

The spectroscopic evidence is thus that intramolecular hydrogen-bon- 
ding occurs between the N-hydrogen atoms and the filled non-bonding 
d-orbitals in the case of platinous and palladous complexes, and doubtless 
similar interactions occur in the complexes of most transition metals of 


low valency and with filled d-orbitals. 

When the d-orbitals are not filled, especially when a metal has a high 
valency as e.g. in Ti (IV) complexes, the interaction is then likely to be 
of the hyperconjugation type, and there must be other intermediate exam- 
ples where H interaction is quite small. The rather ready elimination of 
hydrogen halide from such complexes as the ammines of SiCl,, TiCl, 
NbCI,, etc. [4] is probably indicative of the hyperconjugative type of inte- 
raction. 
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Summary: The infrared absorption spectra of a number of nitrato complexes of 


metals have been examined in the region between 4000 and 700 cm—!. Assignments have 
been made for vibrations, characteristic of the co-ordinated nitrato group. Strong ab 
sorption bands, which do not occur in ionic nitrates, appear in the regions 1530-1480 
and 1290-1250 cm—1!. The absorption arising from the vibration, v,, theoretically inac 
-tive for the NO,— ion, occurs as a strong peak in the nitrato complexes within the range 
1034-970 cm —1!. Using the frequency v,, observed for these complexes, as a criterion of 
the degree of covalent character of the metal-nitrate bond, the following series is obtained 
CelV < Nil< Colle pie pylv 

Carbonato and sulphato complexes are being studied. Similar results have been ob 
tained for the carbonato complexes. 


This work was undertaken with a view to ascertaining whether there 
were features in the infrared spectra which could be used to distinguish 
between co-ordinated nitrato groups and the nitrate ion in metal comple- 
xes. The absorption spectra of the compounds in the solid state were mea- 
sured in the region between 4000 and 700 cm~’. 

The frequencies of the absorption peaks of the cobalt (IIl) ammine 
complexes are listed in Table I. The absorption spectrum of [Co(NH,),]Cl, 
was also obtained. There are no sharp bands in the vicinity of 825 and 
1050 cm~', where absorption does occur in the cobaltammine nitrates. 
However, there is a strong, sharp peak, with two weak shoulders on the 
higher frequency side, arising from the symmetric deformation of the NH, 
groups. This band is obscured by a strong broad band when the com- 
pounds contain the nitrate ion. 

The absorption frequencies [1] for the planar symmetric NO,~ ion are: 


1050 (1. R. inactive) 831 (active) 1390 (active) (720 (active). 

The spectra of a number of ionic nitrates (e.g. ANO, and Co(NO,),. 
6H,O) have been reported [2] The frequency, vs, appears very strongly in 
the range, 1390-1350 cm’, and v, of medium intensity at 836-815 cm~* 
Quagliano [3] has observed that, in addition to the active frequencies for 


NYHOLM 


hands (cm 


NH, and 
vy, NO, 


Sit ihw 


broad strong 


sorpti ] bands (cm 


797 vs 


784s 


913m 1418sh 27: 805m 


1359vs 

1387m 1290sh 
1339w7 276sh 
1326w 1264s 


1330m 3 970bs 821m 


13877 1034vs 804s 
799sh 


795m 


medium; s strong; vs very strong: sh shoulder; bs broad, strong. 


I R SPECTRA OF NITRAT* AND OXY-AN ) O-ORDINATION COMPLEXES 


the nitrate ion, the forbidden lrequency (v,) appears in the infrared spec- 
trum of some nitrates of complex cations. [They attribute this to defor- 


mation of the ion in the field of the crvyst This forbidden vibration ap- 


pears weakly in the region of 1050 cm n all the complexes containing 
the free nitrate ion, listed in Table 1 
lable 2 ; 


gives the absorption frequencies of the other nitrato comple- 
xes, examined by us. The co-ordinated nitrato complexes have characte- 
ristic frequencies in the ranges: 1531-1481, 1290-1253, 1034-970, and 805- 
781 cm~'. The bands have been assigned on the basis of work done on 


nitric acid. [4] These are given in Tabk 


issignn ’ 


Che absorptions designated v, and not occur in ionic nitrates. 
as in the latter all the N-O bonds are equivalent, whereas if one oxygen is 
covalently bound to another atom, vibrations characteristic of -ONO, (y, 
and v,) are possible. The frequency v,, corresponding to v, for the nitrat 
group, which is forbidden for the trigonally symmetric NO,~ ion, appears 
as a strong absorption in the nitrate complexes, as the symmetry ts 
now reduced. The absorption band in the region, 805-781 cm~’, arising 
from an out-of-plane rocking vibration, occurs in both ionic nitrates and 
nitrato complexes; in the latter case it is designated v,. The ionic nitra- 
tes have a strong absorption ¥,, (1300-1390 cm"), whereas the nitrato 
complexes have only a weak absorption in this region. 

The frequency of the N-O stretching vibration (v, for the NO,~ ion 
and designated v, for the -ONO, group) would be expected to vary consi- 
derably in going from an electrostatically to a covalently bound nitrato 
group. The frequency of the absorption band, v,, for the nitrato complexes 
was found to lie between the extremes, on the one hand, of the Raman fre- 
quency (1050 cm~ ') for an ionic nitrate, and, on the other hand, of the 
observed frequency (854 cm~*) of covalent -ONO, in methyl! nitrate [5]. In 
methyl! nitrate it is difficult to imagine the -ONO, group as being anything 
other than covalently bound, whereas in metal complexes it is conceivable 
to regard the bonding between the nitrato group and the metal as being 
at least partly electrostatic in character. Using the frequency of the ab- 
sorption band v,, as a criterion of the degree of covalent character of the 
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metal-nitrate bond, the following series is obtained: Ce’Y < Ni™ < Co™ < 
Pd" < Pt'*. The results obtained for the compounds, [Pd(H,0), (NO3)2} 
and K, [Ce (NO,),|, indicate that in these compounds the nitrato groups 


are not purely ionic. Since this work was carried out, the spectrum of the 
double nitrate of zinc and praesodymium has been reported [6]. This com- 
pound has absorption maxima at frequencies, 1481 — 1475 and 1357 
1323 cm~'. The absorption band vy, appears at 1047 cm~'. This frequency 
would indicate that the degree of covalent character of the metal-nitrate 
bond for Pr'™ is less than that for Ce’. 

Che splitting of some of the bands, observed in [Pd dipy (NOs)o} 
and cis — |Pt(NH,). (NO,),| arises from the lower symmetry of these com- 
pounds, due to the two nitrato groups being in cis positions: similar phe- 
nomena have been observed [7] for cis dinitro metal complexes. 

In conclusion it may be stated that strong absorption bands in the 
region’, 1530-1480 and 1290-1250 cm~' in metal compounds containing 
an NO, group, are indicative that the nitrato group is co-ordinated to 
the metal atom. 

Preliminary investigations on carbonato complexes have revealed si- 
milar phenomena as in the case of the nitrato complexes. 


REFERENCES 


f Polyatomi f Molecules, van Nostrand, New York, 178 


2} Mritcer and WiLkKINS Analyt hem. », 24, 1253 (1952) 
MizusHIMA and QUAGLIANO J. Amer. Chem. Soc. », 75, 4870 (1953) 
Coun, IN ind Poowr LCs 4272 (1952) 
BRAND and CAWTHON J. Amer. Chem. Soc 


6) HAPELI Z. Physik 148, 262 (1957) 


7, 319 (1955). 


GATEHOt inpublished work 


DISCUSSIONS 


Basolo vanstor Did you use the nujol mull or the KBr technique to determine the 
I.] pectra of the nitrato complexes ? I ask this question because if the KBr method were 
used, ther wonder i ou do ne get appreciable conversion of the nitrato complexes to the 


Gatehouse ry salt plates are used, some substitution of the nitrato group by chlorine 


fact occur with su compounds as | Pd(H,0),(NO,),|. To prevent this, all measurements 
coated with a film of polystyrene 


Bailar (Urbana 4 1 studied compounds containing the perchlorate group to de- 
to what degre ve perchlorate group forms coordinate bond 


Gatehouse — Not S ive prepared [| Pd(H,0), 


A survey of the infrared spectra of NO, 


in metal complexes 


BRYAN M. GATEHOUSE 


William Ramsey and Ralph Forster Laboratories, | versity College, London England 


Summary: This paper summarises work recent carried out in our laboratories in 
collaboration. with Professor R. S. Nyholm, Dr. J. Chatt, Dr. L. A. Duncanson, Dr. J 
Lewis, and Dr. M. L. Tobe. The results will be reported in detail in due course. 

\ survey has been made of the spectra of the NO, group in complexes of Pt, Pd, 
and Co in the rock salt region of the spectrum. Simple spectroscopic tests will be discussed 
for determining the presence of NO, in bridged and terminal positions in these complexes 
and whether the NO, groups are cis- or trans- to one another in the bis-nitro complexes. 

4 number of inner and outer orbital complexes containing NO, groups have been 
examined, and the spectra obtained will be discussed relation to the possible occurrence 


of metal-ligand double bonding. 


This paper summarises work recently carried out in our laboratories 
in collaboration with Prof. R. S. Nyholm, Dr. J. Chatt, Dr. L. A. Dun- 
canson, Dr. J. Lewis and Dr. M. L. Tobe. The results will be reported in 
detail in due course. 

Our main interest in the use of infrared spectroscopy is as a diagno- 
stic tool to study the relationship between the spectrum and structure of 
various groups in metal complexes. In this paper I will give an outline of 
our work with the NO, group. 

The objects of the study may be listed 

i) Simple spectroscopic diagnostic tests for the presence of the NO, 
group in various complexes. 

ii) Relationship between the spectra and the position of the NO, 
group in octahedral and square planar complexes, in particular to attempt 
to decide whether two NO, groups are cis- or frans- to one another in a gi- 
ven complex. 

iii) To decide whether in certain binuclear complexes the NO, group 
is bridging or terminal. 

iv) To look for any evidence in the s) 


bonding. 
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(totally symmetric about the two fold axis), and one of type B, (antisym- 


metric about the two fold axis), which may be represented as shown: 


d, ) 


2 


symm. stretching NO, bending symm. stretching 
1247 cm—! 828 cm! 1328 em! for NOg ion. 


The coordinated NO, group has the same symmetry properties, and 
hence the absorption bands corresponding to these vibrations will appear 
in the same region. Generally the absorption peaks arising from the NO, 
group are found to be the most intense bands in the particular region of 
the spectrum where they occur. 


TABLE 1. — NO, stretching frequencies (cm~') of chloroform solutions of some pla- 
tinous and palladous complexes. 


Tpepy Pr" Se ~ isBu" PBu” 


1423s 1418sh 
1409b 1400b 14016 13946 
$1 1326 1328 1328 


PBuj 


1418sh 
1432b 1401 
1416sh 382sh 


1355b 1347b 341b 13376 


1328 1322 1318 1323sh 


lpepy Bu"s "Se MT ” Bun 
pep Uy . ° isBu, I Bug 


1426sh 1420sh 
1418) 1420b 14106 1401b 1400b 


1332 327 : 1321 1324 


x pepy = 4-n-penty: pyridine; b = broad, sh = shouldr 
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The first series of compounds consists of platinous and paliladous ni- 


trites (L,PUNO,), and L,Pd(NO,), wherein the nitro groups are cis- and 
frans- to a variety of uncharged ligands as shown in table 1. 

The symmetric stretching modes of NO, (v,) produce sharp bands in 
the range 1318-1340 cm~~', whereas the asymmetric stretching modes (¥,) 
cause broader absorption bands, often with several shoulders, the principal 
maxima of which lie in the range 1390-1440 cm~*. The strongest band in 
the 1400 em~°* region is considered to be the asymmetric NO, stretching 
band. 


TABLE 2. NO, stretching and bending freque: of some platinous, palladous and 
cobaltic complexes. 


Complex ampy 


1418s 

1399 

1381 ws 
13598 | 1335s 
1333m r l 1321mws 


acetone 


(Bu! 
(Bu. 
(Bu. P), Pd NOy,)_ 1 


(Bu, P),Pd,( l( NO), 
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The cis- isomers have, in addition, a third fairly broad band in the 
region 1337-1355 cm‘, the occurrence of which is due to the lower symme- 


try of the cis- relative to the trans- compounds, and arises presumably 


from the out-of-phase symmetric vibrations of the NO, groups. The fre- 
quencies given in table 1 were obtained from chloroform solutions. 

Table 2 lists the frequencies obtained by examination of three pairs 
of isomers (cis- and trans-) of complexes of platinum (11) and as indica- 
ted the stretching frequencies (v,, and v,) were obtained from CCl, solu- 
tions and the bending frequency (y,) from acetone solution, as both CCl, 
ind CHCl, obscure this region of the spectrum. 

Phere are slight changes in frequency by comparison with the « hloro- 


rn solutions. but the overall Irequi ncies remain the same. 


4, 1397-1418 cm split in some cases. 


cis- compounds in addition 1330-1390 cm 


In the 800 cm~* region examined in acetone solution, v, appears as 


single sharp band in the range 819-882 cm~~ for the /rans- compounds 


vhereas the cis- isomers show two sharp and quite Sé paral peaks in the 


iflv 
817-830 em 


798-823 cm 


Che double k ft le compounds presumably arises out ol 
the lower symmetry, whereby the NO, groups move either in-phase or 
yut-of-phase for this bending mode of vibration. 

he dipole moments of these complexes were measured Lo ¢ nsure that 
the correct isomers wert 

It can be seen from the figures discussed that no simple relationship 
eXIst between the values f the NO, stret hing Ireq iencies, within the 
defined ranges, and the type of donor atom in the uncharged ligands. For 
1 given series of complexes (i. e. cis or trans- Pl" or trans- Pd" nitrite: 
(table 1) the highest values of v, the asymmetric stretching band occur 
when Bu,S is the uncharged ligand (L) and the lowest frequency when 
Bu,P is the donor group. On the other hand the symmetric frequency 
v,, for the NO, group of a given type of complex is highest when L is an 
amine, and lowest when L is Pr,Te in the frans- and Pr,As in the cis- Pl 
com] lexes. 

The factors affecting the NO, stretching frequencies in these com- 
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pounds are obviously complicated and the frequencies alone do not lend 
themselves to any obvious interpretation in terms of electronic effects 
transmitted through the metal atoms from the ligands (L). However, the 
fact that the frequencies do not follow a sequence parallel to the electro- 
negativities of the donor atom in L implies that something other than 
the inductive effects of the ligand is transmitted across the metal atoms 
to the nitro groups. 

One such effect could be caused Ly d =x bonding between the donor 
atom in L, with vacant d-orbitals of suitable energy, and the metal atom. 

Compounds [Co en,(NO,),|.X, where X = NO,~, NO,~, SCN~, Cl- orl-. 

The results presented are for a series of cis and trans- isomers of bis- 
ethylenediamine Co’ dinitro complexes. A large number of other com- 
plexes of the type (Co™en, Y,)X where Y = Cl, SCN, NO, etc and mix- 
ed complexes of the type (Co™en,YZ)X where Y = Cl, SCN, NO, and 
Z=Cl, SCN, NO, were examined and by comparison the absorption 
bands of the NO, groups in the dinitro series were determined. 


TABLE 3. NO, frequencies (cm~') of some Co"! bisethylenediamine complezes, 
cis- and trans- isomers of dinitro complexes 


Isomer NO, NO SCN— cl I- 
, 143: 14 1477 1414 ooow 
N vas Ss 448 5 1404s 
= 7 7 
en co® Aen 
é “ A 
NO vsym ssasen 1319s 1337s 1325s 132is ; 
. u~ $83Geh 1314sh 1312sk 1305s 
Trans. Ve 823s 817 824 819 816 
(803) (813) (809) 
0, 1418s ,; 1425s 1416s | 1422s ; 
vas : 
N 1404sh \ 1404s 1395sh \ 1397wsh } 


NO, 
en ey 1348s 1344s 1344s 1344s 


A, Co vsym. 1323wsh 


/ 
1314s 1314s 1316s 1312s 
Len 1304wsh | 

828 } 831 827 | 837 } 
= va $21 | 821 821 | 819 | 


ethylenediamine 
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Frequency ranges were as follows: 
v, 1397-1435 cm" splitting in cis- 
vy, 1312-1335 cm~* shoulders in trans-. 
cis- isomers in addition 1544-1348 cm 
v, 816-824cm~' trans- 827-832 cm 


819-822 cm 


[he asymmetric stretching frequencies vy, fall within the range observed 
for the Pt" and Pd™ complexes, although in the cis- isomer some splitt- 


ng is observed. The symmetric frequency y,, also within the range for the 


Pt® and Pd" complexes has a shoulder on the low frequency side of the 


band; the cis- compounds showing additional strong absorption in the 
range 1344-1348 cm 

In the 800 cm region similar results were also obtained here, ie. a 
splitting of the bending frequency and this allows distinction to be made 
between the cis- and frans- isomers. This splittir or presence of two bands 


ig, 
the cis- isomer appears to be controlled by steric factors, as no splitt 


ft nor in the 


ng has been observed in some hexa-nitro complexes ol Ce 
se of some platinum nitroammines. It is feasible that in the platinum 
complexes with bulky ligands, rotation of the NO, group is restrained, 
iting the two cis- groups to the one plane whereby interaction is taking 
Ving rise to a splitting In the ethylenediamine compl xes, this 

n more probabil 


BRIGDING NO, GROUPS 


Infrared spectrose opy has been \ iluable in establishing the existence 
CO and SCN bridging groups in metal coordination complexes. Very 
lew examples are known where the NO, group funtions as a bridging 


group between metal atoms, but the two compounds lam now going to 


discuss contain such groups The se are; 


rhe frequencies are given in Table 2 of the absorption bands present in the 
1200-1500 cm’ region in these compounds and for other chloro bridged 
compounds containing terminal NO, groups for comparison with the pal- 
ladium complex, and a peroxy-bridged Co" complex of the same type 
as the NO,.NH, bridged complex for comparison with the latter. 

[he mono-and binuclear palladium complexes with Bu,P ligands 
were examined on a double beam /R spectrometer in opposition to the 
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corresponding chloro-complexes, thereby eliminating any absorption 
bands arising from the ligands. It is clear therefore that the bridging NO, 
group in these complexes is giving rise to absorption bands at 1472 + 3 
em™~' and 1230 10cm", the variation probably arising from the 
varying nature of the solvents used (CS,,CCl,, and CHCI,). 

rhe cobalt complexes were examined in KBr dises and gave fre- 


quencies shown in table 2. 


1625 1485 1340 1296 1183 


Bridging NO, here gives bands at 1485 and 1183 em~", the difference in 
frequency from the NO, group in the nuclear palladium complexes 


arising either (a) from the fact that we have a 5-membered ring in the 
Co and 6-membered in the Pd complexes, or (5) from the use of A Br discs. 

Thus in the examples given bridging NO, results in absorption in 
the 1470-1485 cm‘ region and 1200 cm™~' region, the bands being broader 
and somewhat less intense than terminal NO, absorption. 

In the esters of carboxylic acids absorption occuring in the 1700 
and 1200 cm’ regions has been assigned to the stretching vibrations 
of the CO bonds, and by analogy we would propose that the structure of 


the bridging NO, group has the form; 


the frequencies arising from the vibrations 


‘ 
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I will conclude by giving the frequency ranges proposed for the coordin- 

ated -NO, group bearing in mind the limitations mentioned for the 
2 | - 

splitting of v, in cls- isomers 


vy ‘(sym) 1318-1340 cm 


v, (asym) 1390-1440 cm 

cis- in add”. 1337-1355 cm 
v. (bending) trans-819-822 cm 
cis-817-830 cm 


798-823 cm 


OTHER COMMENTS. 


The author is grateful to Dr. Venanzi for preparation of some of the 
platinum and palladium complexes. 


DISCUSSIONS 


Duncanson ( Herts) Replying to Professor Basolo, I would say that the NH frequencies of 
coordinated amines are more amenable to interpretation in terms of electronic effects than on 
the NO, frequencies. This is largely due to the small mass of the proton relative to the masses 
of the nitrogen and metal atoms. Also double bond formation (N Metal) is possible in nitro 
complexes bu t not in amine complexes except by hyperconjugation. If the metal-nitrogen fre 
quencies were known with certainty and sufficiently accurate evaluations of the force constants 
in the metal-NO, group were possible, then the spectroscopic data might be interpreted in terms 
of electronic effects. 


Mathieu (Paris) — The splitting of the symmetrical stretching and bending frequencies of 
the NO, groups in the Cis compounds is just what can be expected from the absence ofacenter 
of symmetry, which is present in the trans compounds and gives rise to the « alternativverbot » 


in the last case. 


Gatehouse rhis splitting was expected and observed with the cis-isomers of Pt (tI) and 
Pd (11) complexes discussed. It appears that the splitting of vy, is not always observed for Co 
(111) nitroammines and steric factors may be involved 


Infrared spectra of hexacoordinated 


cyanide complexes 


VINCENZO CAGLIOTI, GUIDO SARTORI, MARISA SCROCCO 


Istituto di Chimica Generale ed Inorganica dell’Universita di Roma Italia 


Summary: The Authors analyzed and interpreted the infrared spectrum of ferro - 
and ferricyanide, of cromicyanide and of the complex cyanides of mono, bi and trivalent 


manganese 
They showed the great influence of the oxydation state of the metal on CN and Me-C 
stretching vibrations. 
rhe Cr(CNn), } complex has been studied more throughly on the basis of its analogy 
with Cr(CO),, the model being the isolated molecule. Thus, it is considered as pertaining to 
the Oj simmetry group, without taking into account the degenerating elimination because 
of the crystal field. This way the Authors succeeded in calculating the cromicyanide 


force constants 


The complexes investigated, i.e., Fe(CN),*~, Fe(CN),°~, Cr(Cn),°~, 
Mn(CN),° ~, Mn(CN),*~, and Mn(CN),°~, belong all, if considered as iso- 
lated molecules, to the special group Oh. 

The theory assignes to these compounds four threefold degenerate 
I.R. active frequencies, F ,,: two of them belong to the schelett, that is to 
the Me-C bond, and two of them to the C-N bond. 

In the first part of our work we have considered the frequences v, 
and Ye. 

v, was observed also in solution and therefore is identifiable also in the 
solid state, while v, is the most intense of the low frequency bands. The 


values obtained are given in fig. 1. 


Compounds Kl. Structure 
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Fig. 1 shows the frequency of the fondamental vibration in the al- 
kyleyanides, ACN, and of the complex cyanides of the trivalent metals 
iron chromium and manganese. 

It can be seen that going on from the alkyleyanides to the complex 
cyanides there is a large change in frequency which, on the whole, appears 
to be indipendent of metals and bond type, (v, = 2100 + 20 cm~'). This 
is an indication that a large proportion of this change must be attributed 
to an inductive effect caused by the metal. 

The frequencies v, and vy, have the same symmetry as it appears from 
fig. 2. 
vg Will certainly be influenced by the pulsation of the octahedron, 


6 


as it appears from the fact that the vibration of the CN-group are on ave- 


rage higher than those in KCN. 


t 


V6 (Fy) 


Fig. 3 shows the influence of the oxidation state of the metal on the 
frequencies. Let us compare first the two cyanide complexes of iron. On 
going from the ferrocyanide to the ferricyanide, there is an increase in fre- 
quency of the CN stretching vibration and a decrease in frequency of the 
Me-C stretching vibration. That is to say, going on from the ferrous to the 
ferric complex, there is an increase in force constant of the CN bond and 


a decrease in force constant in the Me-C bond. 


Compounds Fl. Structure Frequency C-N (v,) Frequency Me-C (v,) 


Mn(CN),® 2125 
VMniCNn .' ad 2060 


Mnit Ne 5 . ‘ 2048 
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These results can easily be explained. Ligand field theory predicts 
that under the influence of an electrostatic field of cubic symmetry, gene- 
rated by the six CN groups, the fivefold degenerate d-orbital levels of the 
lerrous ion, on complex formation, are split into two groups: one, d,, of 
lower energy with the three d,,, d,., and d,, orbitals and the other of hi- 
gher energy, d,, with the two d, and d, rbitals. When the field gene- 
rated by the ligands is strong, the electrons of the metall ion fill completely 
the three d. orbitals, while the electrons carried by the ligands occupy the 
d, orbitals. 
tell us that the three d, levels are 


Moreover molecular orbital theory, 
best suited to form x-bonds with the orbitals of the cyanide group of sui- 
table symmetry. Therefore as the iron atom in potassium ferrocyanide 
has six d-electrons in the d, orbitals, the Fe-C bond certainly has partial 
double bond character. 

The ferric ion, in the ferricyanide, has only five electrons in the d, 
levels and therefore it should have less tendency to form x-bonds with the 
CN groups. It is obvious that a lesser degree of x-bonding will mean lo- 
wer Me-C frequency and higher CN frequency, as we find: v, decreases 
from 584 to 505 cm~' and y, increases from 2047 to 2125 cem~*. 

Chromium, ip the chromicyanide, has only three d, electrons, and its 
magnetic susceptibility shows that they are all unpaired. It follows that 
the tendency to form x— bonds will be very slight. Therefore vy, will be 
very much higher, and vy, much lower. This is confirmed experimentally. 

Finally let us consider the three complexes of manganese. It is not 
possible to compare them to those of iron and chromium, but it is appa- 
rent that in trivalent manganese which has four electrons in the d, levels, 
two of which are unpaired, as shown by its magnetic susceptibility, the 
tendency to form double bonds will be small and therefore it will have the 
highest CN frequency. Bivalent manganese with five d, electrons can 
form up to two double bonds, and so it has a lower frequency. Monovalent 
manganese, with its six d, electrons can form three double bonds and its 
frequency is lowest. 

The complex Cr(CN), was studied more throughly on the basis of 
its analogy with Cr(CO), whose spectrum is already known [1], and for 
which a complete assignment has been made. The soundeness of the com- 
parison is based on the following considerations: 

1) Chromium carbonyl has, when considered as an isolated mole- 
cule, the same symmetry, Oh, of the chromicyanide; 
2) the Cr-C bond in the carbonyl complex is partially of « — type 


and partially of x — type; in the cyanide it is of the same type, but with a 


stronger o-component; 
3) the C-O bond is intermediate between a double and a triple 
bond, and the same is true of the CN bond. 
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The frequencies in chromium hexacarbonyl with their classification 


and our assignments, obtained in part from the infrared spectrum, in part 
from the known Raman spectrum, and in part calculated from the com- 
bination bands with the known selection rules are given in fig. 4. 

Of these assignments we shall take into account only the internal vi- 
brations because they are less deformable by the crystal field, i.e., the va- 


Cr(CN), 3 


2137 stretching 
374 
2063 
$56 
539 536 clutch 
2000 2127 stretching 
bending 
stretching 


bending 


vg, and v,,. The octahedral system XY, (Y CN) can be 
described by six internal coordinates corresponding to the distances Cr-C 


lues Vos Vas Ves 
and the 12 angles C-Cr-C. There are, therefore, 18 internal coordinates in 
all, for the 15 vibrations of the molecule. An examination of the symmetry 
properties of these coordinates, shows at once that the representation of 
the bond distances is of the type A,, + E, I’,, while that of the bond 


angles is F,,, Fo F,,. One can thus describe the symmetry coordi- 


nates as a linear combination of the internal coordinates: 
R 


where /, is the symmetry coordinate, U’, is the coefficient of the internal 
coordinate r,, and the sum is extended to all the equivalent internal coor- 
dinates. 

One obtains then six expressions for the coordinates, one for the class 


A,,, one for the class Baw which is doubly degenerate, two for the F which 


: lw? 


are triply degenerate, one for the F,,, which is also triply degenerate, and 
finally one for the class F,, again triply degenerate. 
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From the spectrum we can observe, with a good approximation, only 
live types of frequencies, i.e., A,,, E,, two F,, and F,,, (see fig. 5). 


and one can set up an equation for the potential energy corresponding to 


a maximum of five unknown values of force constants. We chose the fol- 


lowing equation: 


2V feu (Ady + ff. = (Aa? + 2fa4 U (Ax, (Aa,) + 


+- 2f a, & (Ad,) (Ad,) + 2faa = (Ad, (Aa, 


force constant for the Cr-C stret ing vibration ; 
force constant for the C-Cr—C bending vibration; 
interaction between the two stretching; 
interaction between the two bending; 


intraction stretching-bending 


Fico. 6. 


Using Wilson’s method, we calculated the values of the matrices F for the 


potential energy and of the inverse matrix G for the kinetic energy. 
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Once thes e known, the relation between frequency, and force con- 


int for eacl ve of symmetry coordinates is given by the equation 


ty 


ree constants obtained for Cr (CN), and for Cr (CO), (using 
ope. the simmetryv coordinates of Venkateswarhe and Sunda- 


given in Il i. 


comparison that the calculated values for 


ff comparable order of magnitude in both 
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Infrared investigations 


on some uranyl complexes of §- diketones 


LUIGI SACCONI, GINO CAROTI, PIERO PAOLETTI 


Istituto di Chimica Generale dell'l ii Palermo It 


Summary: The infrared absorption spectra h en observed for 
complexes with acetylacetone, benzoylacetone and zovimetha 
water. ammonia, pyridine nd in the anhver« te. Despite the 
spectra the two y, and y, frequencies assigned to the bent form of the ur 
been observed for some of such compounds. In the ca inhydrous comple 
laacetone and dibenzoyimethane such frequencies fted and altered 
probably on acc t of the influence f the modified ta eld of t 


of uranvl. The frequencies and tl! } ‘ th rption bands of 


fa. r of hydroge bonding of different ' n firm the existe 


bo d bet weer ranium and water mo : ry tiv ir ed complexe 


ching ibratior {the ammonia appea 


dered as indicative of the presence of 


One of the most interesting problems 
s that of the stereochemistry of the ura: 

While X-ray diffraction studies ind 
near |1;2,3] the results of Raman and inf 
even if not unambiguous at times, appear 

he structure of the uranyl! radical is 
tion number and the nature of codérdinate 
capable. Data available show that in som ranyl compe 
nitrate, the uranium atom is octacodérdinated, and that th 
forms six bonds, which have some degree o! ilent 
are in a plane orthogonal to the O-U-O bonds. Thus the 
show six covalency and therefore involve 
the evidente in favour of this assumption is based on the strong tendency 
of the uranyl group to coérdinate molecules of water in the solid state and 
in solution. The great strength with which these water molecules are bonded 
to the uranyl group has been shown by var s techniques: solubility, par- 
tition, conductometric and thermochemical measurements [9] 

In previous works on some uranyl! cor exes with 6-diketones [10] it 
was found that also in these compounds the uranyl group, even when bon- 
ded to two diketone radicals, appears to br rdinativel, saturated and 


tends to coérdinate donor molecules, « , ilcohe wen bases, 


- 
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et further information on the stereochemistry of the ura- 
its codrdinating power we conducted and infrared spec- 
vation of the above complexes, together with some others. 


EXPERIMENTAL. 


Preparation of the complexes The complexes with benzoylacetone 
libenzoyimethane wert prepared as described previously {10}. The 
mplexes with acetylacetone were prepared as described in literature [11]. 
Che analytical ta on the samples prepared agree, within experimental 
error, with th given. The monohydrate of the complex with 


dibenzoylmethane was prepared as follows: 


-oylmethane)-uranul. The anhydrous complex was 
mortar with hexachloro-1,3-butadiene. The compound 
range-yellow. On evaporation of the solvent 


er was obtained. 


O,U.H,O: C,, 49.09; H, 3.3; U, 32.4. Found: 
18.9; 1, 


\dsorplion Spectra lhe spectra were taken using a Perkin-Elmer 


21 recording spectrophotometer fitted with a rock salt prism and a 12C 
spectrophotometer fitted with a lithium fluoride prism. The samples were 
examined as Nujol mulls and in some cases, in the 3 u region, in mulls of 


fluorocarbon. The resuts are reported in the tables and discussed later. 


RESULTS AND DISCUSSION. 


ibsorplion of Uranyl. — As it was shown by Conn and Wu [4], the vi- 
brations of the UO, group are characterised by three frequencies v,, 210 


cm™~'; v,, 860 cm~'; v,, 930 cm~’*. If the UO, group is not linear all three 


frequencies should be active both in the Raman and infrared spectra. If 
the UO, group is linear only v, should be Raman active, and v, and v, only 
infrared active. Conn and Wu examined the Raman spectrum of uranyl 
nitrate. chloride and sulphate and found the frequencies v, and v,, while 
in the infrared spectra of the chloride and the acetate v, and v, were ob- 
served; the latter was not always established with certainty because it 
is a weak band. The frequency y, is outside the range of observation in 
the infrared. The results were interpreted as indicating the non-linearity 
of the UO, group. 

Lecomte and Freymann [5], examined the infrared spectra of about 
twenty uranyl salts and found always an intense band between 907 and 
940 cm~’, and in many of these salts a weak band at about 850 cm~’. Also 
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these authors are in favour of a non-linear / O, group. The same conclu- 
sion was reached by Satyanarayana [6] on the basis of some Raman spec- 


troscopic studies. More recently Sevcenk ind Stepanoy [7] examined 
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the infrared spectra of uranyl! sulphate, the potassium double sulphate» 
the nitrate and the acetate. They did not always find the fundamental vi- 
bration at 860 cm~', which might be due to limitations in their apparatus, 
but took into account also the harmonics. These authors reached the con- 
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clusion that the uranyl group is probably bent in the sulphate and prac- 
tically linear in the other two salts. 

In short, the conclusions reached on the basis of infrared spectroscopic 
studies do not appear to be unambiguous because the two bands attributed 
to a bent form of the uranyl group have not always been surely observed. 

To explain the uncertainty of the results of the infrared and Raman 
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spectroscopic studies and their disagreement with the results of X-ray 
structural investigations, Crandall [12] assumes that in solution the «coér- 
dinating » power of the ions surrounding the uranyl group can change 
the conformation from a linear to a bent form, shifting the vibration of the 
uncomplexed ion and breaking down the selection rules for the gaseous ion. 
Sutton [13], on the basis of Raman measurements, confirmed the hypothesis 
that in solution the linear uranyl ion is perturbed by strong fields. On the 
other hand, a re-examination of some old infrared and Raman spectrosco- 
pic data, in the light of studies of fluorescence spectra, is in favour of a li- 
near structure for the uranyl radical [14]. In conclusion, it can be seen that 
the problem of the structure of the uranyl! radical cannot be considered 
to be satisfactorily solved 

he complexes examined in the course of the present investigation, 


mtaining water, ammonia or pyridine of crystallisation, show a very 
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strong band at about 910 cm~* (Figures 1,2,3). The position of this band 
is the following: in the complexes of acetylacetone is between 925 and 910 
cm~"; in the complexes of benzoylacetone is at about 910 cm—'. and 
in those of dibenzoylmethane 


between 913 and 900 cm~'. 1100 1000 900 850 
: i 7 7 - | —— : ——EEE 


4+—_+—_+—_-+ + +—_+—__+—_ 


This band can be attributed to 
v3. In the acetylacetonates a 
second band, of low intensi- ‘) | 77 riTiili || te 
ty, is present in the region of Pitre TA 
830-828 cm~'. A comparison “Z2nnn eS 
with the spectra of the com- TTTTAalirvr _| /nacti 
pounds UO,OAc),.2 H,O and “hfe -+ff . - +. 

UO, (NO,),.6 H,O measured TTT Toit TTT TT I 
by us (see Fig. 5) has shown _| rT | 
that in these compounds in 
addition to the band y,, one 
can observe also a second band 
of very low intentity at 864 
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and 836 cm~' which was at- 
tributed to the v, vibration of 
the uranyl group [4]. This fact 
allows us to attribute the fai- 
ble band of the acetylaceton- 
ates at 830-828 cm to y, 
vibration. 

It is interesting to note 
that the spectra of the hy- 
drated complexes undergo 


changes which vary with the 


treatment with the organic , +—+ — +1 4 


_ 


liquid in which they are sus- 
> . » uy o , ‘ | ; : ; ; : y 
pended. Also Sevcenko an 12 p 
Stepanov found that the spec- , 
tra of the hydrated salts exa- 


iy! nitrate 


mined by them showed great 
dependence on the water content. To a variation of the band of the UO, 
group there correspond a variation of the spectrum of the water in the 3 u 
region which leads to the conclusion that the UO, radical is closely bon- 
ded to at least a part of the crystal water. 

In the case of the complexes of benzoylacetone and dibenzoylmethane 
the complexity of spectra and the presence of absorption maxima of the 
ligands in the 860-830 cm~~ region do not allow to ascertain the presence 


of the vy, band. 
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The anhydrous complexes with benzoylacetone and dibenzoylmethane 
show two bands: the former at 915 and 887 cm~' and the latter at 920 
and 886 cm~'‘ (see Fig. 2, 3, 4). The spectra of two different specimens of 
this latter complex were examined: one was obtained by double recrystal- 
lisation from benzene and ligroin of the hydrated complex, and the other 
obtained by dehydration of the hydrated product under vacuum as des- 
cribed previously. [10]. The spectra were practically identical. 

These two bands can be attributed to v, and vy, vibrations. It is noti- 
ceable however that: a) the separation between the two frequencies, 28 


and 34 cm respective ly for the complexes of benozoylacetone and diben- 


zoyilmethane, is very less than the theoretical one, 70 cm '. b) the theory 


predicts that the intensity of v, should be much greather than that of v, 
and we find that in our compounds both bands have practically equal in 
tensity. 

An explanation of this fact can be found in the modified crystal field 
of the anhydrous complexes. In these compounds, in fact, the « surroun- 
dings » of the UO,-group differ from that found in other complexes and 
it is probable that the aromatic groups of the ligands are nearer to the 
uranyl group, in the absence of molecules of water, ammonia or pyridine 
in the crystal. Therefore it is conceivable that the interaction of these 
organic groupments with the uranyl may change the configuration or in- 
fluence the polarizability of this group altering the position and the relative 
intensities of the absorption maxima and giving rise to a new frequency at 
886 and 876 cm~'. It may be remembered an analogous alteration of th 
spectrum of uranyl sulphate trihydrate observed by Stepanov and Sepcen- 
ko on dehydration of this salt [7]. On the basis of these results definitive 
conclusions cannot be drawn about the form of the uranyl group in the 
complexes here examined. These results can be probably considered in 
agreement with the concept of an almost linear uranyl group disturbed 
by strong local fields, mainly in the case of anhydrous complexes. 


Absorption of water. - Water, in the vapour state, shows three funda- 
mental bands: at 3756 cm~*, 3652 em~’, and 1595 em’ [15]; the first 
two correspond to stretching vibrations and the third to a bending vibra- 
tion. All the hydrated complexes absorb between 3570 and 3100 cm~* (see 
Fig. 6). This absorption is clearly due to the presence of water because the 
diketones and the anhydrous complexes do not absorb in this region. In 
some cases sharp bands are observed, while in others there is a broad ill- 
defined band. 

Absorption in this region presumably corresponds to O-H stretching 
The fact that there are no frequencies higher than 3570 cm—* shows that 
the O-H stretching vibrations are not completely free, probably because of 
hydrogen bonding. The very broad band observed in many cases is an indi- 
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cation that, in all probability, different types of hydrogen bonding are pre- 
sent because of presence of many oxygen atoms in the carbonyl groups. In 


some cases one observes that dif- 
ferent samples of the same com- 
pounds, from different prepara- 
tions and with analyses agreeing 
within experimental error, show 
different absorption in this region. 
Chis is the case of curves a) and 
b) of the complex with dibenzoyl- 
methane. (Fig. 6). The peak on 
the high frequency side observed 
in curve a) can be attributed to 
interstitial water, less strongly 
bound than the other water mo- 
lecules. 

rhe spectrum of water in the 
complex of dibenzoylmethane 
with 2.5 molecules of water of 
crystallization varies even with 
the manipulation of the sample. 
Che lack of reproducibility in the 
3 uw region is not observed in the 
case of the monohydrate form of 
the dibenzoylmethane complex. 
This leads to the supposition that 
the molecules of water in the 
complex with 2.5 H,0O are not all 
bound with the same strenghth. 
It is probable that one molecule 
of water is bound more strongly 
than the others. 

As mentioned earlier, these 
variations of the O-H/ stretching 
band are accompanied by marked 
variations of the UO, band at 
about 11 uw as shown by the spec- 
tra of two different samples a) 
and 5) of the same compound in 
Fig. 3. This interaction between 
the UO, group and the water mo- 
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lecules supports the hypothesis of McKay and coworkers [9], and analogous 
ideas put forward in previous investigations of the uranyl complexes with 
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§-diketones [10]. According to these ideas, uranium, in its inorganic salts 
and its complexes with 6-diketones tends to coérdinate molecules of water. 
3800 3400 3200 _— The first sphere of codrdinated 
A — 1 i water, in turn, binds further 
+++}|/ | water molecules through hy- 
+ drogen bonding. Moreover, 
the spectroscopic data do 
not allow an estimate of the 
strength of the bond between 
water and the central uranium 
atom. The presence of coérdi- 
nate bonds between uranium 
and water molecules should 
give rise to new absorption 
bands corresponding to new 
modes of vibration (e.g., roc- 
king, etc.) of the water bonded 
to the central uranium atom. 
Howerer, these bands are ex- 
pected in the 10-14 uw region 
[16], and here the presence 
of other strong absorption 
bands does not allow their ob- 
servation. Also the 1595cm™~' 
band of water is not identifi- 
cable owing to the complexity 
of the spectrum in this region, 
due to absorption of various 
functional groups such as car- 
bonyl, phenyl and furan rings, 
ete. [17]. 


Absorption of Ammonia. - 
Gaseous ammonia shows two 


bands in the 3 » region: 3337 
and 3450 cm". In Fig. 7 are 
reported the absorption spec- 
tra, in this region, of the com- 
plexes studied by us. These 
curves show three main absorption maxima between 3166 and 3367 cm—"’, 
that is, shifted towards lower frequencies with respect to those in gaseous 
ammonia. In the case of the benzoylacetone and dibenzoylmethane com- 
plexes the first peaks appear to be split and shifted towards lower fre- 


Fic. 7. Spectra of ammoniated urany! diketonates in the 
absorption region of ammonia. 
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quencies. These bands indicate that the nitrogen atom is codrdinated to the 
uranium atom. The frequency shifts observed are of the same order of ma- 
gnitude as those observed in complex ammines of the «ionic » type, e.g., 
[|Co(NH,),|Cl, and |Ni(NH,),|Cl,, but lower than those observed in «co- 
valent » complexes, e.g., [Co(NH,),|Cl, and [Cr(NH,),|Cl, [18]. This would 
lead to the conclusion that the U-N bond in these complexes is only par- 
tially covalent. A definite conclusion, however, cannot be reached because 
the shift toward lower frequencies in the NH, bands could be attributed 
chiefly to the presence of hydrogen bonds in the crystal. 


The great complexity of the spectra does not allow easily the assigne- 


ment of the many other bands observed to the functional groups present, 
which would, in any case, go beyond the scope of the present investigation. 
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On chromous acetylacetonate 


GIACOMO COSTA & ANNA PUXEDDU 
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Summary: The preparation and some physico-chemical properties of a till now not 


reported complex of bivalent chromium with acetylacetone are described 


The polarographic behaviour and infrared spectra are examined and compared with 


that of chromium (III])-acetylacetonate. The contribution of the results for a suggestion 


of the molecular structure is discussed 


Few chromous complexes are till now isolated [1, 8]. The only che- 
late complexes described are the anthranylate and salicylate, the latter 
known only in solution [9, 11]. 

In the present paper we briefly discuss some studies on the not yet 
reported acetylacetonate. 

The chromous acetylacetonate is obtained as a yellow powder from 
acetylacetone and chromous acetate in sealed apparatus filled with very 
carefully purified nitrogen. 

It is extremely oxydizable in air with exothermic reaction and in some 
cases with incandecence and carbonisation. 

In presence of inflammable vapors or in oxygen the oxydation may 
take place with ignition. In solution the oxydation takes place very read- 
ily with change of color from yellow-brown to red-violet. 

The solubility in ethanol is 6.10~* mol/1. The product is slightly so- 
luble in CS, and nearly insoluble in water. 

It decomposes without melting at 218-219° C, sublimes at 100-105° C 
(10—-* mm/Hg), the magnetic moment is 4.99 B. M. 


Analysis: 7% 47.17 H % 5.73 Cr °, 20.67 
calc. for Cr(C;H,0,), 17.99 2.64 20.78 
I. RK. Spectra. 


The generally assumed symmetry of the acetylacetonate «ion » is 
As C-H stretching vibrations and CH, deformation modes are rea- 
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dily assignable in the spectrum we shall examine only the « skeleton » fun- 
damentals (fig. 1). 

We find 10 fundamentals involving essentially the internal coordinates 
r,r, R, a, 8, five of wich of species A, and five of species B,: one deforma- 
tion mode involving the C CH ( angle (A,) and 4 out-of-plane defor- 
mations (2 A, and 2 B,). 13 out of the 15 fundamentals are I. R. active. 

he assumption of the C,, 
symmetry for the acetylacetonate 

ion » is based on the conjugation 
of the double-bonds system O = C 

CH C O...; we cannot the 
refore distinguish the carbonyl and 
the ¢ 0... stretching vibration 
is well as the ( ( and C ( 
vibration. 

One can foresee, instead: 

the symmetric and asymmetri 
stretching of C-CH, bond at nearly 
the same frequency in the 900-1000 
em region: 

two fundamental modes invol- 
ving largely the symmetric and 
asymmetric stretching of C ( 
bond and two modes involving the symmetric and asymmetric stretching 
of the ¢ O («perturbed » carbonyl bond); the latter four vibrations are 
expected in the 1200-1600 cm~' region together with the C//, deformat- 
ion modes. 

\t frequencies lower than 800 cm we can expect the remaini 
I.R. active (5 planar and 2 out-of-plane) vibrations. 

From these assumptions and considering the work of R. Mecke and 
E. Funk [12] on acetylacetone and on alkali metals-acetylacetonates we 
can propose the assignements reported on Table |. for the 1600-750 cm 
region of chromium acetylacetonates spectra 

rhe spectrum of chromous acetylacetonate is very similar to that of 
the chromic complex and is not very different from that of many other 
acetylacetonates. 

We can point out the two very strong bands in the 1500-1600 cm 


region which are most characteristic, and are assigned to the first two stret- 


ching modes of the O ( Cc C O system. Considering frequency 
and intensity of the 1420 cm * band we assign them to the asymmetrical 
deformation mode of CH,. We assign then the very strong band at 1380 
cm to the third and the strong band at 1280 to the fourth stretching 
mode of the O—C ( C O chelate ring. We observe therefore the 
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inversion of the assignement of the two bands in the 1380-1450 cm~' re- 


gion in respect to alkali metals-acetylacetonates. 


TABLE I. I. R. Spectra of acetylacetonates, 1600-750 cm’. 


Acetylacetone Me-acetyla- Cr-acetylacetonates Ce+ + +>-acetyla- 


(enolic form cetonates (*) ass. oe ahnaf, cetonate (*) 


1600-1616 (7) WW, . 1567 vs 569 vs 
1502-1518 (6) Ws 1517 vs 518 vs 


1447-1458 (5) @, (C—O) 1420 sh 1420 sh 
1400-1418 (8) da (CHy,) 1380 vs 1382 vs 
1340-1360 (sh) as (CH) 1363 sh 1360 sh 
1232-1263 (2) @, (CC) 1276 s 1280 m 
1174-1205 (1) 1193 w 1170 br.iw 
, 1028 
1303-1015 (3) ae 1020 ms 
1015 


976 mw 


904 -917 (3) 934 ms 933 ms 


760 -805 (3) 778 ms 782 ms 


from KR. Mecke and E. Funk, « Z. Elektrochem +, 60, 1124 (1956) 
?) from C. Duvat, R. FReEYMAN and I. Lecomte, « Bull. Soc. Chim. », 19, 106 (1952). 


The interpretation of the bands in the 1200-750 cm~' 


needs no parti- 
cular comment. In the 750-450 cm~—' (Table II) we observe bands due to 
in plane and out of plane deformations of the skeleton but assignements 


are impossible without a normal coordinate treatment for the molecule. 


TABLE II I. R. Spectra of Cr-acetylacetonates 750-450 cm~—' (KBr). 


720 


700 718 vw 
671s 677 s 676 s 

650 n 655 646 m 
606 n 610 m 604 m 
596 s 595 5990 ms 


160 452 n 


‘) from C. Duvar, R. FrReymMan and I. Lecomre, « Bull. Soc. Chim. », 19, 106 (1952). 


In the Table III are reported the frequencies of the bands regi- 
stered in the 3u region. 

All the bands registered in the /.R. spectrum can therefore be ascri- 
bed to the acetylacetonate «ion », From the comparison with spectra of 
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many other metal-acetylacetonates one can deduce that the vibration mo- 
des of the acetylacetonate group are not markedly affected by the coor- 


TABLE III. I. R. Spectra of acetylacetonates 
3100-2800 cm ~' (LiF). 


3087 vw (sh) 
2995 m 
2965 m 
2920) 


2853 


dination structure of the complex. We can note nevertheless the lowe- 
ring of the frequencies of the perturbed carbonyl bands in respect to 
those of Me*-acetylace- 

tonates, probably due to 

the more covalent cha- 

racter of the Cr-O bond 

in the complex, which lo- 

wers the C — O bond for- 

ce constant. 


POLAROGRAPHIC 
BEHAVIOUR. 


We report in this 
brief note only some 
principal features of the 
polarographic behaviour 
of chromium acetylace- 
tonates. The phenomena 
at the dropping electro- 
de were registered using 
LiCl N/10 or N(CH,), J 
N/10 as supporting elec- 
trolytes in neutral etha- 


-10 


. oO Polarograms of Cr+~-acetylacetonate in 0.1 M N(CH,),1 
nol-water solution (40°, ae 


ethanol). 
Typical polarograms 
show two well defined wa- 


% ethanol 0.005 gelatin 


ves: the first anodic wa- 
ve occurs at -1.19, -1.20 
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V. vs. S.C. E. with a negative maximum, which can be supressed with 


a small amount of gelatine, the second cathodic wave occurs at -1.59 V. 
(Fig. 2). The limiting diffusion current is proportional to the temperature 


+-acetylacetonate satd. solution in 0.1 V/ 
ethanol 
after short insufflation of : 


ifter prolonged insufflation o 


and the diffusion current constant is slightly less than that of other chro- 
mous complexes studied by R. L. Peesok and J. J. Lingane [13] in aqueous 
solution. The limiting diffusion current of the cathodic wave is less than 
that of the anodic one but the two values are not in a simple ratio. 
Considering that the ratio of the heights of the anodic and cathodic 
wave is constant over many experiments and the great care observed in 
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preserving solutions in nitrogen stream, we can exclude the accidental 
oxydation of chromous ion. 
Polarograms of solution partially oxydated, on the other hand, show 


—~s| 


0 
— 


| 
— 


Polarograms of Cr+ +-+-acetylacetonate ir 1 M N(CH),),1 30 Ethano 


0.9978 © 10 
, 0.7127 
; 0.5545 


clearly the gradual suppression of the anodic wave, while the cathodic 
wave develops at less electronegative potentials with increasing height 
and is more drawn out (Fig. 3). 

For comparison we obtained polarograms of chromic acetylacetonate 
solutions in the same supporting electrolytes. Chromic acetylacetonate 
is reduced at the dropping electrode producing only one cathodic wave at 
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-1.55 V. vs. S.C.E. (Fig. 4). The diffusion current constant is nearly that 
of the anodic wave of the chromous complex. 

From coulombometric experiments we found that only one electron 


per molecule is implied. 
DISCUSSION. 


The highly negative half-wave potential of the anodic wave of chro- 
mous acetylacetonate point out its very easy oxydation in agreement with 
the chemical behaviour. There are few oxydation processes occuring at 


the dropping electrode at so electronegative potentials; only the chromous- 


salicylate complex produces an anodic wave a -1.23 V., but the complex 
was not isolated while other chromous complexes are far less powerful re- 
ductants (Tab. IV). Chromic acetylacetonate, on the other hand, is far 
less reducible than other chromic compounds [14]. 


TABLE IV. 


td 
Cm 2/3 11/6 


0.005 gelatin a 54 
10M KCl ., : >4 
Sid. KCl >5 (nearly rev.) 
Sid. CaCl, ‘7 


NH,OH-5M NH,ClI 

HCOOH 

N(CH,),Br 

NaC, H,0,0.1 M NaOH } 7 (reversible) 
omocyanide -chromicyanid 
couple (2) in 1M KCN 
0.01 gelatin unstable in 


slution 1.55 (reversible) 


Am. Chem. Soc , 72, 189 (1950) 


J. Am. Chem. Sox 65, 1897 (1943) 


Che oxydation of the chromous and the reduction of the chromic com- 


plex involves one electron per molecule corresponding to processes 
eand Crv~ > Cr” respectively 


lhe interpretation of the cathodic wave of the chromous complex seems 
ult. A similar cathodic wave was reported by Pecsok and Lin- 


ine (loc.cit.) in the polarograms of Cr** ion in chloride and quaternary 
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ammonium salts solutions. A reduction of chromous ion to metal was as- 
sumed by the Authors. The diffusion current constant of the cathodic wa- 
ve is, in our case, far less than expected. The half-wave potential is near- 
ly that of the reduction of Cr™ to Cr“ in the chromic complex. For these 
reasons our experiments do not support the possibility of the reduction of 
chromous acetylacetonate to chromium metal at the dropping electrode. 


MAGNETIC MOMENT. 


rhe magnetic moment of Cr(C,H,O,), is 4.99 B.M. In Tab. V this 


values is compared with that of other chromous complexes. 


TABLE V. Magnetic moments hromous compounds 


T-ammonia complexes 
r+ +-etilendiamins 
AKSCN 
Cr (acetylacetonate s 


K,Cri¢ H,) 


r : 
Cr( Dipyridil), Br,.4 H,O (*) 


(*) from K. H. Jack and R. Marrianp, « Proc. Chem ‘ 232 (1957) 


(*) from D. N. Hume and W. Stone, 1. Am. Chem. Sox 63, 1200 (1941) 


(*) from F. H. Burstacs. and BR. S. Nimtoim, 1. Chem ’ S370 (1952 


The structure is probably distorted octahedral similar to that of CrF, 
[15]. The empty 3d (,.—.) orbital of Cr™ atom together with the 4s and 
two 4p orbitals forms four hybrid dsp* bonds with oxygen atoms. The sin- 
gly occupied 3d; orbital points along the axis of the remaining two Cr-O 


distances completing the octahedral structure. 
Details and experimental methods and results are to be published 


more fully elsewhere. 
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Etude du spectre de vibration de la molécule 


de nickel-carbonyle. Force et nature des liaisons 


M. BIGORGNI 


Laboratoire de Chimie minérale, Facult: Sciences, Paris France 


Résumé: L’étude du spectre de vibration infr ge est effectuée par la méthode de 
Wilson au moyen des matrices I et G et a partir d systeme de 26 coordonnées internes. 


Les constantes de force fondamentales sont calculées i que certaines fonctions thermo 


dynamiques de la molécule Ni(CO),; ces derniéres permettent de déduire, connaissant la 


valeur de la constante d’équilibre de la réaction N ico ” Ni (CO),, énergie de dis- 
« 


sociation de la molécule de nickel carbonyle 


La molecule de nickel-carbonyle a été définitivement identifiée com- 
me possédant une symétrie tétraédrique par étude de diffraction électro- 
nique [1] et par examen aux rayons X [2] 

Sur cette base, Crawford et Cross [3] ont effectué l’analyse du spectre 
dle vibration du nickel-carbonyle par infra-rouge de 475 4 2230 cm~* et 
en s appuyant sur les données fournies par Duncan et Murray [4] sur le 
spectre Raman. Le spectre Raman a été examiné a nouveau et précisé 
par Crawford et Horwitz [5]. 

Enfin Jones [6] a exploré le domaine infra-rouge de 270 4 10.000 cm 
et décelé une bande intense a 422 cm 

J’ai réexaminé le spectre de vibration infra-rouge du nickel-carbo- 
nyle dans le méme domaine que Crawford et Cross, et ai observé les mé- 
mes maxima d’absorption. De plus, pour la résolution du systéme de fré- 
quences, j'ai utilisé la bande 422 cm~' découverte par Jones. 

La structure en coordonnées normales de la molécule tétraédrique Ni 
(CO), est: 


2A,+2E4 +*F, 


Il est intéressant de noter que cette structure est équivalente a deux 
fois la structure d'une molécule tétraédrique XY, (CH,) plus 1 F,. Cette 
remarque permet de construire facilement les coordonnées normales (fig. 1). 
(4, Gg, Gs, @g COTTespondent aux modes normaux de X Y, ou l'on considere 
le groupement CO comme formé d'un seul atome Y ; ag, w 4, @;, @s sont les 
homologues des quatre premiers, relatifs au vibrateur CO. Les lettres R 
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et JR désignent les vibrations fondamentales permises en Raman ou en 
infra-rouge, déeduites des régles de sélection. 


J’ai utilisé un systéme de 26 coordonnées internes choisies de facon 


Modes normaux de vibration de la molecule Ni(CO),. 


a rendre compte au 
plexe: (fig. 2). 


mieux du comportement physique de ce systéme com- 


(4): extensions des liaisons Ni-C; 

(4): extensions des liaisons C-O; 

(6): extensions des angles O-C,-Ni-C,-O, 

(6): angles de cisaillement O-C-Ni +,, 8,,+6;,) 

(6): angles de rotation du tétraédre NiO, par rapport au té- 
traedre NiC, 8 1/2 (8 8 .,) 


ij ad 4i 44i/* 


Pour résoudre l’équation déterminante et la diviser en blocs rela- 
tifs aux symétries A,, E, F, et Fj, j'ai utilisé la méthode des matrices F 
et G de Wilson. On obtient alors quatre équations du type: 


FG Ed 0 
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F est la matrice dont le terme général F,;, représente une combinai- 
son linéaire propre des constantes de force correspondant aux coordon- 
nees internes. 

L'attribution proposée différe de celle de Crawford et Cross en ce que 
@, est trouvée plus faible, et que @,, comme on pouvait s’y attendre, 
possede un niveau énergétique de vibration légérement supérieur a celui 
de son homologue «,: 

On est en effet amené a considérer les couples (fig. 3): a -cg; a9-g; 
Gig"W5; Wy-W7. Gs a eté obtenu au moyen des bandes de combinaison. 


Systeme de coordonnées internes. 


Les equations en (A,) et (£) fournissent des valeurs approchées des 


quatre constantes de force principales F',, F,, F', F,. L’équation en 


(Ff) permet: 
a) de vérifier que l’ensemble de |’attribution est bon.; 
b) de préciser les valeurs des constantes de force principales et de 
calculer des constantes d’interaction. Le résultat est (fig. 4): 
L’ensemble des informations sur les distances, les fréquences et les 
constantes de force relatives a la liaison. C-O dans la molecule CO libre, 
dans les cétones et dans la molécule de Ni(CO), permet de montrer que la 
liaison C-O dans Ni (CO), a perdu un peu de son caractére de triple liai- 
son et assume un certain caractére de double liaison. Néanmoins les preu- 
ves directes manquent encore 
r (A°) v (cm k (md/A) 
CO 1,13 2144 18,6 
C O 1700 12,1 
Ni (CO), l,lo 2040 16,0 


Il reste que le groupement CO conserve a peu pres son intégrité dans 
la molecule Ni (CO), 


M. BIGORGNI 

Ceci est ¢ rmé par l’écart important constaté entre les valeurs des 
constantes de force des liaisons C-O et Ni-C: 16 et 2,95 md/A. 

La molécule Ni (CO), peut donc étre considérée approximativement 

comme un édifice de quatre liaisons laches entre un atome de nickel et 


des FREQUENCES [CRAWFORD et CROSS) 


540 2040 2050 
= we 
K : 


» W 
2 8 


2040 2057 
4 


§ 
« 


Gj) 
4 
Attribution des frequences proposée 


quatre groupements CO bien individualisés. On comprend ainsi que cette 
molécule soit peu stable et se dissocie en nickel et oxyde de carbone uni- 
quement. La valeur de |’énergie de cette faible liaison est calculée plus loin. 


je force d interaction de 2 licisons Ni- C 


Valeurs numeriques des constants de force principales 


Les distances interatomiques calculées au moyen de la relation em- 
1/3 


a Cas . ; 
pirique de Badger [7] 1 + d,,s accordent bien avec les données 


K 
expérimentales: on trouve pour Ni-C une distance 1,81A° (exp. : 1, 84A°) 
et pour CO une distance 1,17A°® (exp. : 1,15A°). 

La connaissance de la symétrie et de la géométrie de la molécule 
Ni (CO), et de l'ensemble de ses états de vibration permet de calculer 
la chaleur spécifique, l’entropie et la fonction énergie libre pour une mole 
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de Ni(CO), considéré comme gaz parfait sous la pression de une atmosphe- 


re et a la température de 298°, 15K. 
Ces grandeurs thermodynamiques ont les valeurs suivantes dans les 
conditions indiquées (fig. 5): 


cal de qre 


ABC 5.38.10 - g cm 


Fonctions thermodynamiques de Ni(CO), = 
298° K. 

Le nombre de symétrie oc est égal a 12. 

Les valeurs trouvées pour ces grandeurs thermodynamiques ont été 
calculées sans tenir compte de l'anharmonicité des vibrations. Comme les 
contributions vibrationnelles sont importantes en raison de la prédominan- 
ce des basses fréquences, l’exactitude des valeurs données ne doit pas de- 
passer 2 °,. 

La fonction énergie libre de Ni (CO),; 

fo H,° 
! 
chaleur de réaction A H® pour la réactior 


peut étre utilisée pour calculer la 


Ni +4 CO-—+ Ni (CO), 


1 condition que l'on connaisse la variation d’énergie libre standard A F° 
pour cette réaction a une température quelconque. Or Sykes [8] a déter- 
miné la constante de l’équilibre 

Ni + 4 CO Ni (CO), 
a 400° k 


lO itm. 


\ F°,,. sen déduit au moyen de la relation: 
A Fe... RT Logk, 

Maintenant: 

Fo H1,° 


A | 7 
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Le premier terme se calcule 4 400° K comme précédemment, le deuxiéme 
est donné dans les Tables, le troisieme s’obtient par intégration de la fonc- 
tion C, (T) pour le nickel métallique: 


On trouve ainsi la valeur de A H,° 34 kcal. 


A H® a 298°K (et une pression de 1 atmosphere) pour la réaction 


considérée s'en déduit au moyen de la relation: 


A (He H.°) (1° Ho5°) wi wo 1 (He Ho) « (f° Ho°) y 


" CaT=rT (sey 
evikT 7 


On obtient finalement 
A (He H,°) 2.4 kcal 
A H°,,, 36,4 keal + 1 keal 


\1°,., a une signification physique bien précise: c'est l’énergie de 
combinaison de 4 molécules CO a un atome Ni, ou, changée de signe, |'é- 
nergie de dissociation de la molecule Ni (CO), 

Sans faire d’erreur importante, on peut dire que l’énergie de dissocia- 
tion d’un atome de Nickel d’avec un groupement CO est 9 kcal. 
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DISCUSSIONS 


Adamson (Los Angeles) Would you care to estimate the energy required to remove one 
CO group from nickel carbonyl, as opposed to the average energy per CO group of 9 Keal 


Bigorgne Les données utilisées ne permettent pas d’obtenir cette énergie. 


Basolo ( Evanston) rhe heat of formation of Ni (CO), was recently (J. Am. Chem. Soc. ?) 
eported I believe, by Wilkinson and Cotton. How does your value of A H® compare with theirs ? 


Bigorgne — Je n’ai pas eu connaissance de cette publication. La valeur mesurée serait inte 
essante a comparer avec celle proposée. N. B. Aprés investigation, le mémoire en question est 
publié dans: J. am. chem. Soc., 1957, 79, 2044, et a pour auteurs: Fischer, Cotton, Wilkinson. 
La valeur expérimentale de A H_,,, déterminée par ces auteurs, est: A Hg, 39,1 0,5 keal. 


On the problem of the vibrational frequencies 


of water in complexes 


GUIDO SARTORI, CLAUDIO FURLANI, ANTONIO DAMIANI 


Istituto chimico dell" Universita riest« Ita 


Summary: An attempt has been mack 
water in aquocomplexes, with particular regard t 
damental vibrations of the free water molecule 

(in the basis of the electrostatic model of 
H,0O two different types of calculations has bee l¢ : \ pots 
the Van Vieck~-Cross type }. Chem *hys. J a3 h additional tern 
ing to the electrostatic interactions bet n © mm ' asthe 
molecule has been developed in series ft te : oordinates 
tain equilibrium positions and values of the force « t these numer 
been used to solwe the brational problem by the 

2) A perturbation method with the ecigenf 
free water molecule as unperturbed wave functi 
interaction metal-water as the perturbatik 

Both types of calculations have led t 
cies of water are lowered in the quocomple xe 
while the bending frequency is raised by few te 


well with the experimental data 


heoretical considerations have already been applied in order to 
calculate a priori the vibrational frequencies of the free water moleculk 
(by V. Vleck and Cross, J. Chem. Phys. 7, 357, 1933) and of water in its 
three different states of aggregation (bv Bauer and Magat, Jour. Phys 
France 9, 318, 1938). 

In the present paper we shall descril attempt to attain the sam 
result for the coordinated water molecule, as foi instance in the metalli 
aquocomplexes; the theoretical treatments presented here shovld allow 
to predict sign and size of the shifts of fundamental frequencies of 
water in complexes and number and positio: f the frequencies whic! 
arise from the additional vibrational modes ¢ bouaded water moles 
les, both as functioas of the charge and siz the central ions of the con 
plexes. For the sake of simpli ity, the mod e have chosen to describe 
the molecular building of an aquocomplex sists only of the metal ion 
and of one wate: molecule Me** H.O; the bonding between H,O and 
the metal ion has been assumed to consist only of electrostatic interac- 
tions. To this regard the metal ion has beet entified with a point charge 


n+. and the oxygen and hydrogen atoms with point charges | and 
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0,5-+ respectively. The latter values are somewhat higher than usually 
assumed, because they should also take in account polarisation effects 
due to the certral ion Me"*; furthermore, in order to obtain correct 
results it is necessary to describe with some more detail the structure of 
the oxygen atom and we have added to its point charge also three atom 
dipoles, pointing towards the metal 

93 3 ion and the two hydrogen atoms. 
’ lhe value of the atomic dipoles has 

been chosen arbitrarily rather lov 
(about 0,2 atomic units). Two in- 
dependent theoretical treatments 
have been developed, whose final 
results are in good agreement bet- 
ween themselves; in the first one, 
a complete potential functions of 


the V. Vieck-Cross type, including 


4 terms ol 


! between metal and water, has been 
r 
i 
iT y1,2 
i 


electrostatic interaction 


written down; series expansion of 
this function furnishes all elements 
that are necessary for the solution 
International coordinates of Me"+...0H, Of the vibrational problem of this 
peculiar «molecule » of the type 
ABC, by the usual method of the F, G matrices of Wilson, Decius and 
Cross (*). In the second way, the frequencies of the free water molecule, 
considered as « unperturbed problem », are supposed to be known, and a 
quantum-mechanical perturbation treatment is applied, where the pertur- 
bation operator is the one of the electrostatic interaction between the 
central ion and the charges of the water molecule. 


METHOD OF THE COMPLETE POTENTIAL FUNCTION. 


The potential function for the Me-H,O complex is assumed to be: 


| Uy) +> | We) J (Ti2) 7 3 (Noo Neen) sin*| 


{ (Me — H,) + [ (Me H,) + { (dip) + / (Me O) 


where f (r,), / (r.) and g (r,,.) are the Morse functions of the vibrations 
along the two bonds O— H and of the 1epulsion H — H (these are taken re- 


1) E. B. Witson, J. C. Decius and D. C. Cross, Molecular Vibrations, McGraw-Hill, 1952. 


PROBLEM OF THE VIBRATIONAL FREQUENCIES OF WATER IN COMPLEXES 121 


spectively from the experimental Morse functions of the OH radical and 
Hl, molecule), the fourth term describes the electronic bond energy in 
the water molecule, / (Me H,) and f (Me H,) are the electrostatic 
repulsions between metal and hvdrogen, { (Me 0) is the attraction 
between metal and oxvgen plus the lattice repulsion between them, and 

(Me dip) is the interaction between the metal charge and the oxygen 
lipoles. The effective charge of the metal ion acting upon the oxygen atom 
has been assumed equal to 5,0 e, and the charge acting upon the hy- 
drogens has been assumed reduced to 2,2 e owing to a screen effect. The 
first four terms in (1) are the potential functions of the free water molecule 
ilready given by V. Vleck and Cross (loc. cit.); the explicit expressions 
of the terms of (1) are (in kealories, lengths 


120 [l-exp 2,15 (0,974 
3) [l-exp 1,85 (0,749-r,,)] 
200.6 kcal/mol 
hi MVM // } 


1002 7 


he procedure is there the same already employed by V. Vleck and 
Cross: the potential function V is expanded in series of powers of the in- 


i 


ternal coordinates ry, Fz, 7s, %, %, y and 9 (r,, is expressible as a function 


of r,, r, and +) about the equilibrium values, yelding: 


\t the equilibrium, the first derivatives must be zero; therefore, putt- 
ing the coefficients of A S, in (2) equal to zero furnishes the conditions 
necessary to determine the equilibrium values S_. Substitution of the S,'s 
in the second derivatives gives then the force constants, since V can be 


written 


2\ he AS , \S,;AS 
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Attention must be turned to the fact that the potential function can 
be written as a function of seven variables, but only six of them are really 
independent. One of the angles must be chosen as redundant coordinate 
and eliminated from the further calculations; the choice of the redundant 
coordinate must be made so that the symmetry of the potential function 
is not lowered: if e. g. we would eliminate «, or a, the symmetry of the 
potential function would be lowered from C,, to Cs. We have therefore 


eliminated y through the relation: 
COS a, COS « [< os* a cos” + (COS” ae cos” %,) ~- Cos” Xy cos” |"? 


The task of finding the equilibrium values is not so difficult as it might 
seem, since obviously rj =r, a] = a3, So 0° and the parameters B 
and M can be adjusted arbitrarily to make rf = 2,00 A and yo 105°. 
We have then: 


1.035 A B 19,86 M = 3,875 (in the unit system 
Keal, A) 


The same calculation gives for the free water molecule r} =r 


0,995 A, yo 99°40’. By means of these equilibrium values we can cal- 
culate the values of the force constants and of the G-matrix elements, and 


are then able to solve the vibrational problem by the conventional method 


of the F, G matrices of Wilson, Decius and Cross. The mixed force constants 
are very small; major variations are calculated for the main force constants: 
f,, is 5,52.10° dyn/cm, compared with 6,75 caled. for the tree water mo- 
lecule, and /,, is 0,80.10° against 0,75.10°. The symmetry of the problem 
is C,,, and the irreducible components of the vibrational representation 
are 3A, + 2B, + B,. The symmetrv coordinates are: 
S, (Ay) > + Ty S, (By) =) % (rr, 
S. (B,) = ) 5 (a, 
S (B,) 9 


rhe calculated normal frquencies are: 
Species A, 
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Species B, Species B, 


8 


} = 3059 cm" 
(free water 3520) 


The stretching frequencies are then lowered by ~ 4-500 cm’ and 
the bending is raised by ~ 50 cm~* with respect to the free water; both 
results are in excellent qualitative and quantitative agreement with the 
experimental data on the vibration spectra of hydrated salts. The frequen- 
cy vs (metal-water stretching) is probably too high, and can perhaps in- 
dicate need of further refinement of the model. Finally, y, and y, are me- 
rely tentative values, owing to the arbitrary choice of the parameters B 
and M. 


PERTURBATION METHOD. 


An alternative way of treating our problem is offered by the quantum- 
mechanical perturbation theory. We regard then as unperturbed problem 
the free water molecule, whose vibrational eigenstates are described by 
eigenfuctions like those of the unidimensional harmonic oscillator, where 


the space variable is replaced by /y, Q,: 


NC, exp ( ve QD) Ha Vy, 0, 


nk 


SU is here a normalization factor, H (x) are the Hermite polynomials 


ix” v 
. 7™ «(Y, . , 
is } and Q, is the k—th normal coordinate. Since normal 
’ 


frequencies, angles and interatomic distances of the water molecule are 
wel] known, it is a simple matter to determine the vibration amplitudes 
Ay of the internal coordinates and to express then the relation between 
symmetry coordinates and normal coordinates or viceversa through: 


The perturbation operator, i. e. the operator of the Coulomb interac- 
tion between the point charges of the metal ion and of the oxygen and 
hydrogen atoms, is (in atomic units): 


9 
~ 


(3) Hl 
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Both distances are conveniently developed in series about their equi- 
librium values; eq. (3) becomes then: 


rhe perturbation energies are simply A E,, var® FT da, d Q,, but 
not all terms of (4) give significant contributions to this integral: thus, the 
constant terms shift all energy levels by equal amounts and cannot alter 
the transition frequencies; y,,* ),, 1s an even function of the coordinates 
ind does not combine with odd functions of the same variables such as 
Ar and (Ar)’, and the term in (Ar)* can be dropped since the series (4) 
onverges rapidly. We need therefore to consider only the term in (Ar); for 
water the symmetry coordinates are 


and S, \r, rs y, so that (Ar)? is: 


0,610.10 OF (1 + cosy) 4 0,646.10" QO; (! cos‘) + 1.18.10 0; 


0,170.10" Q, Q, (1 


Che perturbation energy is then of the form: 


A Ew 


For the II normal mode (symmetrical stretching) we can easily find 
AE,; (n + %) (1 + cos y) x 282 ecm’; and for the asymme- 
trical stretching we obtain the same value only multiplied by (1-cos y) in- 
stead of (1 + cos y). 282 cm~' can then be taken as a measure of the mean 
shift of the stretching frequencies of water; this value is only a little 
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smaller than the mean shift calculated with the first metohd (which was 


about 400 cm~'), and is again in substantial agreement with the expe- 


rience. Less satisfactory results are obtained for the bending frequency, 
whose shift is expected to be practically zero, and of course no new fre- 
quencies can be predicted since the problem has now the same degrees 
of freedom as the free water molecule. The perturbation method has the 
advantage of being much easier to handle than the method of the complete 
potential function; by making a reasonable choice of the screening con- 
stants we have been able to calculate the predicted mean shifts of the 
stretching frequencies for different values of the distance Me-O and of the 
effective charge of the metal ion. Such predicted mean shifts are listed in 
the following table: 


Detailed calculations, which will be published in a further paper, have 
confirmed that the minor contributions to the perturbation energy (i. e. 
the contribution due to the tern: in (Ar)* of the operator, and the second- 
order perturbation energies) are effectively quite negligibl 


DISCUSSIONS 


Mathieu ( Paris) — M. le Dr. Furlani a-t-il eu l'occasion omparer les résultats de ses cal- 
uls aux nombreuses données expérimentales rassemblées sur le spectre de vibration de l’eat 
dans les ervstaux hydratés ? (Cf. Journal de Chimie Phy jue, Symposium 1953). 


Sartori rhe comparison of the calculated frequencies with the experimental! ones, which 
are known from the literature, is our next research prograt this field 


Absorption spectra 


of the nickel-stilbenediamine complexes 


CLAUDIO FURLANI & GUIDO SARTORI 


Istituto Chimico dell’Universita di Trieste Italia 


Summary: \bsorption spectra of the biue paramagnetic and of the yellow diamagnetic 
somers of the nickel-stilbenediamine (1:2) complexes have been measured and com- 
pared with term systems, that have been calculated with the aid of Hartmann’s theory of 
the electrostatic complexes (strong-field and weak-field case) for various possible struc- 
tures (symmetries Oa, Tad, Daa, Don, Dog and Cer). Satisfactory agreement between calcul 
ited and observed form of the spectrum of the magnetically normal isomers is obtained if 
: distorted octahedral structure is supposed for the latters, i.e. a structure with two further 
ligand groups (probably two anions of the complex salts) in cis- or trans position; but also 
i distorted tetrahedral structure of symmetry Deg cannot be excluded a priori. Removal of 
1¢ two weaker ligands (whereby the two stilbenediamine molecules are left in a planar t« 

tragonal disposition) turns the complex into a diamagnetic one (yellow form) without any 
other modification of the geometry of the complex or of the distance central ion-ligand. 

In the spectrum of the yellow form three very near bands are expected, in substan- 
tial agreement with one large band observed. The quantitative agreement between calcu 
lated and observed frequency values is less satisfactory; it can be improved if a slight per- 
cent of covalent bonding between central ion and ligand groups is assumed, 


Che present work has been undertaken in order to confirm the possibil- 
ity of explaining by aid of Hartmann’s reckoning scheme of the ligand 
field, magnetic behaviour and absorption spectra not only of normal but 
ilso of magnetically anomalous complexes. As subject of this investigation 
we have chosen the complexes of nickel with stilbenediamine, which can 
exist in both a blue paramagnetic and a yellow diamagnetic isomeric form 
[1]. The absorption spectrum of the blue form consists of two weak bands 
with maxima at 10100 and 16700 cm~', and of a large absorption at the 
beginning of the ultraviolet, which very probably masks a third band, 
situated at about 27000 cm~'; the yellow form has only one band, at 
about 22600 cm! (see fig. 4). 

It seems well established that nickel has in these complexes coordi- 
nation number four towards stilbenediamine; but it is also possible that 
nickel takes up two other ligands (solvent molecules or univalent anions), 
thus assuming coordination number six. Since no roentgenographic data 
are available on the actual structure of these complexes, we have followed 
the procedure of calculating the term system of the nickel ion for several 
of the possible geometrical dispositions of 4 or 6 ligands, in order to see 
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which of them fitted best the experimental spectra. The structures which 
have been considered possible are the following: octahedral, cis- or trans- 
distorted octahedral, tetrahedral, distorted tetrahedral (symmetry group 
D,,), planar tetragonal and distorted planar tetragonal (symmetry D.,,). 
The greatest part of the calculations (which we shall not report here for 


brevity) has been carried out 
with the usual and well known 
weak-field method of Hart- 
mann |{2], assuming the dis- 
tance nickel-ligand to be 3,04 
atomic units (= 1,87 A), the 
dipole moment of a single 
stilbenediamine ligand greup 
equal to 1,30 at. un., and the 
effective charge number of the 
Ni nucleus to be reduced in 
the complex to 85 % of the 
free ion value. 

For the interpretation of 
the spectrum of the magnet- 
ically normal form, greater 
attention has been devoted 
to the term system of triplet 
states; figures 1, 2 and 3 show 
the splitting of the two triplet 
terms of the free nickel ion, 
°F and *P, in fields of the ) ~ 30 
symmetries O0,, Dy, Ty De ee 


and C,,. We shall give here ' - mond Gsbd of erenmetry chansine tren 


only a brief discussion of the planar tetrag: D4h, extreme left) to octahedral (Op 


extreme rigi « figures on the axis of the absecisanc 


most significant results which indicate (from right to left) progressive weakening of 


two trans-lig 


can de obtained by these cal- 
culated term systems. 

A tetragonal structure is certainly not compatible with the observed 
spectrum of the blue complex; in a tetrahedral field two transitions are ex- 
pected, which could be identified with the first two observed bands, but 
the agreement is probably fortuitous, because it would be impossible in 
this case to account for the third band. The term system calculated for a 
D,, structure, intermediate between the tetrahedral and the planar on 
could be consistent with the observed spectrum, but also this structure 
does not seem very probable. An octahedral structure seems more accep- 
table, especially in view of the striking resemblance of the spectrum of the 
stilbenediamine complex with those of other octahedral Ni complexes (see 
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fig. 4); actual 1 purely octahedral structure is impossible, since there are 


no six equal ligands available, but a slight cis- or trans-distortion would 


leave the form of the predicted spectrum substantially unaffected. It is 
then most problable that the actual structure of the blue com::'«x is that 
of a distorted octahedr nu; there is 

no strong evidence for the cis or for 

the trans distortion, but, for reasons 

which will be stated below, we are 

inclined to think that the two furt- 

her ligands are two of the univalent 

anions of the complex salt, and that 

they are located in trans position. 

The calculation of the singlet 

term system in vi of the inter- 

pretation of the spectrum of the 

vellow form by means of the same 


method employed above leads to 
less satisfactory results, and in or 


der to obtain a sufficiently good 


agreement with the experimental 
magnetic and spectroscopic data il 
is necessary to carry out the calcul- 
ations in the strong-field reckoning 
scheme, i.e. by starting from the 


picture of the crystal-field splitting 


of the five 3d orbitals, consider- 
eT eas ed now as the first factor, which 
removes their original degeneracy 
(fig. 5). Actually the weak-field 
2. ~ Term system (triplets + the lowest singlet) method and the strong-field method 
of Nit+t-ion in a ligand field of symmetry d 
changing from purely octahedral (Op;, extreme should Live, as has been pointed out 
left) to cis-octahedral (Cer. right); the figures on by Hartmann [3], and give indeed 


the axis of the abscissae indicate progressive 


weukening of two cis-ligands exactly the same result, provid- 


— 
20 507.6 


ed configuration interaction is not 
negliged. But in the case of Ni a difference arises from the fact that by 
the weak-field procedure one of the singlet terms of Ni III is negliged; this 


is the singlet S, which transforms like A,, and, since the lowest singlet of 


” 
Ni** ina tetragonal field belongs to the same representation it can con- 
tribute to depress the ground state. As a result, in a tetragonal field, 
assuming that the four ligands have the same crystal field strength as in 
the blue complex, the lowest singlet is expected to be a little higher than 
the lowest triplet according to the weak-field calculations, or a little lower 
according to the strong-field calculations, while the predicted position of 
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all other terms except the singlets A, is the same in both cases (see fig. 6). 
It is clear therefore that only the latter scheme can justify the magnetically 
anormalous behaviour of the yellow nickel-stilbenediamine complex, if we 
want to assume that the ligand field strength due to the stilbenediamine 


> 4 


( saeqq) 


1-54°44 


Fic. 3. Term system (triplets + the lowest singlet) of Ni++-ion in a ligand fleld of symmetry 
changing from tetrahedral (Tg, extreme right) to planar tetragonal (D4,, extreme left) 


is equal for both magnetic isomers. As already reported by different Au- 
thors [4], the planar tetragonal symmetry (group D,,) is the only one which 
is compatible with anomalous magnetism in a Ni-complex; actually, we 
have controlled that even a small axial component of the ligand-field (sym- 
metry C,, or D, of a trans-octahedron) strongly destabilizes the lowest 
singlet, thus restoring paramagnetic character of the complex, and that a 
digonal distortion in the plane (symmetry D,,) leaves the term system 
predicted for planar D,, substantially unaltered. 

The term system reported in fig. 6 for a planar tetragonal complex 
shows that above the lowest singlet there is a group of three very near ex- 
cited states (singlets A,,, B,, and E,), and not only one state with S = O. 
This fact is perhaps not essential, since the experimentally observed absor- 
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ption band is 
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GUIDO 
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ither high and broad and could very well result from the 


overlap of three neighbouring transitions. Actually, the frequency expec- 
ted in this case is somewhat smaller than the experimental one (fig. 4), but 


Fic 


cited states can 
ked difference in covalency between the 
a consequent change in polarity during 
could account for the unusually high 


i 
30 103 cm" 


4 Observed absorption maxima of some simple nor 

mal complexes of Ni++ and observed and calculated 
positions of maxima for the blue and yellow complex 
of nickel with stilbenediamine: 

1) [Ni(H,0),)++, obs.; 2) [Ni(NH,),)++, obs.; 3) 
| Ni(ethylenediamine),}+ +, obs.; 4) complex with stil- 
benediamine (1 : 2) (blue), obs.; 5) Caled., On; 6) Caled., 
C2p (cis-octahedral, two cis ligands weakened by 20%; 
Dh trans ligand 
weakened by 50 Dea (distorted tetra- 
hedral, # = 73 
plex with stilbenediamine (1 


(trans- octahedral, two 
%; 8) Caled., 
73°); 9) Caled., Ta; 10) Com- 
:2) (yellow), obs.; 11) 


Caled. for the yellow complex (D4a, f reduced to 85 % 


7) Caled., 


or T 


of the free ion value). 


sponding band [5] (log E ~ 2,3). 


In conclusion, we see that in this 


also this difficulty is not es- 
sential and can be overcome 
by assuming a certain degree 
of covalent bonding between 


nickle ion and ligands. In a 
planar complex one of the me- 


tal orbitals involved in cova- 
lent bonding is 3d,»_ y (B,,) 
(the other are 4s (A,,) and two 
p's (E,)), and for a small in- 
termixing of covalent struc- 
tures it is the antibonding 
orbital that retains the most 
of 3d,._,»-character (see fig. 
5). Now, the ground singlet 
belongs essentially to the con- 
figuration (E,)*(A,,)°(B,,)°, and 
the firts three excited singlets 
belong mainly (i.e. if c.i. is not 
considered, see Hartmann-Z. 
Phys. Chem. N. F. 11, 209, 
1957) to (E,, Asp B,,)°(B,,). 
Partial bonding 
would then result in a further 


covalent 


raising of the energy of the 
first three 
thus bringing the predicted 
of ground 


excited singlets, 


relative 
state and excited states nearer 


position 


to the experimental results. 
Is should also be noted that 
the ground state (singlet) has 
no possibility of non-dative 
covalent bonds, while the ex- 


form one of such bonds; this means that there is a mar- 
lowest and the excited states, with 
the spectroscopic transition, which 
absorption intensity of the corre- 


case the crystal-field theory has 
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a alll [a(x<-y2)+bd Yie)] 
(x2_y2) 


—_i— 


‘ 


, Dag (xy) 


84g (22) 


@g (xz, yz) 


Fis. 5 Splitting of the 3d-orbitals in a field of planar 
tetragonal symmetry (group D4). 


revealed itself capable of interpreting to 
a sufficient degree of correctness also the 
magnetic and spectroscopic behaviour of 
a magnetically non-normal complex, alt- 
hough the quantitative agreement bet- 
ween theoretical and experimental results 
is less satisfactory than for normal com- 
plexes, owing probably to increased im- 
portance of covalent bonding. It is con- 
firmed that the structure of the yellow 
complex od nickel with stilbenediamine 
must be planar tetragonal; for the blue 
complex, we think that the most accep- 
table structure should be the trans-oc- 
tahedral, whereby the two trans-ligands 
are two univalent anions of the complex 
salt. The transition from the yellow to 
the blue complex or vice versa should 
then be due simply to the addition or 
removal of two anions in position trans 
to the planar complex. In a dissociating 


€ (at un.) 


Complete term system (singlets + 
triplets) of the Ni++-ion in a lig- 
and field of planar tetragonal sym- 
metry (group Dga), calculated a) by the 
strong-field, 6) by the weak-field appro- 
ximation 


solvent the two trans ligands should be most easily removed, while in a 


non-dissociating solvent the formation of the pseudo-octahedral inner com- 


plex should be favored; it is in fact known experimentally that the yellow 


complex exists preferably in aqueous solutions, whereas dissolution of the 


solid complex salts in benzene or in chloroform yelds almost exclusively the 


blue paramagnetic forra. 
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DISCUSSIONS 


Hartmann ( Frankjurt) Welche Werte fuer die Parameter des Feldes haben Sie bei 
Ihren Rechnungen verwendet ? 

Der von Ihnen behandelte Fall scheint mir der erste Fall einer Strukturaufklaerung eines 
Komplexes auf spektroskopischem Wege zu sein. 


Furlani As the value of the dipole moment of the ligand groups, I have chosen 1,30 
at. un., while the distance has been assumed to be 3,54 at. un.; both values had already 
been used for the interpretation of the spectra of other Ni complexes. 


Raman spectrum of potassium cuprotetracyanide 


in aqueous solution and in crystalline state 


PAOLO CHIORBOLI 


Centro di Studio per la Chimica Fisica del CNR 
presso I'Istituto Chimico dell’Universita di Bologna Italia 


Summary: After a brief discussion of the characteristic oscillations of cuprous-cyanide 
ion (Cu (CN),]3—, the Auctors report the Raman spectrum of potassium cuprous-cyanide 
either in aqueous solution or in the solid state, having determined the polarization state of 
the principal lines. 

Two very strong lines, the one (depolarized) at 2074 cm—! (7, class), and the other 
(polarized) at 2096 cm — ! (A, class) correspond to the ¢ N stretching oscillations. 

rhe first of these lines is double in the solid state spectrum, giving two very close com- 
ponents; the second, instead, remains unaltered as to the frequence but it appears largely 


depolarized too. 


Several thecric and experimental researches have been made, under 
the direction of Prof. G. B. Bonino, at the Chemical Institute « G. Cia- 
inician » of Bologna University, about the vibrational spectra of cyanidri« 
complexes of different symmetry. In this work, we have studied the Raman 
spectrum of potassium cuprotetracyanide both in aqueous solution and 
in crystalline state in order to check and complete the partial and too old 
results reported by the literature about this complex [1]. 

The twenty one normal vibration modes of the [Cu (CN),|*~ complex 
ion, considered as free and of tetrahedric symmetry (T, group), are distri- 
buted according to the reduced representation: 


If we consider the degenerations and count only once each kind of de- 
generate vibration, the twenty one normal vibration modes of X (YZ), 
tetrahedric ion are reduced to nine. 

According to the selection rules for the T, group, the oséillations cor- 
responding to the A,, E and T, classes are active in Raman effect, and the 
ones corresponding to the T, class are active in infrared effect; therefore 
only the 7, class vibrations are inactive in both the effects. 

Schematically the normal vibrations of X (YZ), tetrahedric structure 
can be deduced from the ones of X Y, structure [2], of which the reduced 
representation is [ A, + E + 2T,; in effect the normal vibration modes 
of X (YZ), structure are twice the ones of X Y, structure, adding a three- 
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fold degenerate antirotational vibration. Indeed if we attribute in or out 
phase displacements to the atoms of each YZ group, two kinds of vibra- 
tion can arise for the X (YZ), structure from each kind of vibration of 
XY, structure. 

The totally symmetrical stretching vibration of C —- N bonds and the 
totally symmetrical stretching vibration of Cu C bonds belong to the A, 
class. The other three vibrations of C N bonds (totally four) can be 
ascribed to a threefold degenerate vibration of T, class; this happens also 
for the other three vibrations of Cu C bonds (these too totally four). 

The other molecular vibrations due essentially to deformations of 


A 


C — Cu Cand C—C N angles, belong to FE and 7, classes. At last 
the threefold degenerate antirotational vibration belongs to the 7, class. [3]. 

We have recorded the Raman spectium of potassium cuprotetracya- 
nide in aqueous solution (max. mole fraction = 0,06) and in crystalline 
state, both with photographie plates (max. exposure 24") and with 


a direct photoelectric recording. We have used an american A.R.L.. three 
prisms spectrograph, equipped with a mercury high power exciting lamp 
of Toronto type, and with an electronic photomultiplier furnished with a 
Brown recorder. We have determined qualitatively the polarization degree 
using the technique reported in another work [4]. 

The mercury exciting wavelength was the 4358 A. The Raman spec- 
tra we have obtained are reported in the following table. 


Raman spectrum of potassium cuprotetracyanide A, |(Cu (CN), 


\queous solution 288 S04 24 iO wie 2074 96 


wv] df us vs 


Crystalline state 27 11-2076 2006 


m s j 


dep dep 


vi very faint; f faint; m medium; s strong; vs very strong; pol polarized; dep depo- 


larized. 


The aqueous solutions spectra show seven lines, two of which are very 
strong and occur in the region of C — N stretching vibrations, at 2074 
and 2096 cm~'; being the first line depolarized, it can be attributed to the 
threefold degenerate stretching vibration of C — N bonds (T, class), whi- 
le the second one, which is polarized, can be attributed to the totally sym- 
metrical stretching vibration of the same bonds (A, class). The line cor- 
responding to the degenerate vibration is much wider than the other one, 
but it does not show the presence of components deriving from a degene- 
racy eventual breaking, at least for the concentrations we have exami- 
ned (max. mol. fr. = 0.06). 

Being the other lines rather faint, it was not possible to determine the 
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polarisation degree (except the one at 300 cm’, which appears depola- 
rized). 

The line at 502 cm~' can be reasonable attributed to the totally sym- 
metrical stretching vibration of Cu — C bonds, as we have approximatively 
calculated in another work [5]. 

The other four lines of lower frequency can be certainly attributed to 
deformation vibrations of the angles between the bonds. 

The spectrum of the complex in crystalline state appears very faint, 
so that only few lines could be observed. Considering the doublet charac- 
teristic of the stretching vibrations of C N bonds, the line at higher 
frequency (A, class) appears unchanged but depolarized, while the other 
one, at lower frequency (7, class), appears double, with the two components 
very approached; this doubling can be attributed to a degeneracy fall 
in the crystalline field. 

Such a conclusion agrees with the results which Bonino and Fabbri 
discussed recently about the infrared spectrum of this complex [6]. 

The potassium cuprotetracyanide rhombohedric crystals have, ac- 
cording to Cox, Wardlaw and Webster measures [7], an elementary lat- 
tice which can be attributed to the Dj spacial group and which contains 
two molecules of the complex for unit cell. In the crystal too the C N 
groups disposition seems tetrahedric. In another work Bonino and Sal- 
vetti [8] reported that it is possible foreknow that the vibrations of the te- 
trahedric complex (7, group) in the crystalline lattice (belonging to D, 
symmetry group) are suitable to a symmetry group which must be simul- 
taneously a subgroup of 7, group (to which belongs the isolated molecule 
of the complex) and of D, group (to which belongs the crystal lattice). 
According to this, the above mentioned Authors showed that the sub- 


group of higher symmetry of 7, and D, groups was the C, group. If 
we calculate the numbers and the kinds of C N vibrations of the 
[Cu(CN),]*~ ion, considered as isolated in the crystal and according to the 
C, symmetry group, using the groups theory rules, it follows that the four 
stretching vibrations of this group are reduced to two simple ones ac- 
cording to the A class of the above mentioned group and to a degenerate 


one according to the E class. 

All these vibrations are active both in Raman and infrared effect. 
Then, according to this pattern, the Raman spectrum of crystalline cupro- 
tetracyanide should show three lines corresponding to stretching vibra- 
tion of C — N groups. 

The correlation between the vibrations of the isolated complex (7, 
symmetry) and these of the same ion perturbed according to the C,, is 


the following: 


A, (TQ —> A (Cy); T, (TQ — A (Cy) 
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However we must now consider that in the crystal elementary lat- 
tice the complex ion is not isolated, the lattice itself containing two mo- 
lecules for cell: then we should consider the possible couplings between 
the vibrations of these two molecules. 

Well, in the above mentioned work, Bonino and Fabbri showed that, 
also considering this fact, the theory foreknows three Raman active vi- 
brations, two of which corresponding to the A, class of D, group and one 


to the E class of the same group: in fact the correlation between the C, 


and D, groups causes the scission of each A ((€,) vibration into two vi- 


brations respectively of A, (D,) and A, (D,) type, the first being active 
in Raman and the second in infrared effect, while the degenerate E (C,) 
vibration does not show any scission. 

And really the Raman spectrum of crystalline potassium cuprote- 
tracyanide shows three lines in the region of the C N stretching vi- 
brations. 

Considering now the polarization degree of these lines, we must ob- 
serve that they result very depolarized. In order to understand the rea- 
son of this fact, see a before published work about the Raman spectrum 
of crystalline ferrocyanide [9]. 

We thank Prof. G. B. Bonino for the discussion and for the advices 
He gave us about this subject. 
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DISCUSSIONS 


Mathieu (Paris) — Les différences observées dans la région 2080 cm—! entro le spectee du 
complexe [Cu (CN),|3— a l'état dissous et a l'état solide peuvent étre dues a deux causes: 1) une 
cessation de dégénérescence de la vibration C-N triplement dégénérée; 2) mais aussi a |’effet du 
couplage des vibrations des deux ions complexes que contient la maille élémentaire du cristal 
(cf. Bulletin Soc. Franc. Minéralogie, volume Jubilaire 1954), 


Chiorboli — Una risposta esauriente alla questione prospettata dal Prof. Mathieu potra de- 
rivare dal completamento d’uno studio parallelo degli spettri Raman e ultrarosso del complesso 
considerato, studio gia iniziato nell’ Istituto Chimico dell’ Universita di Bologna. I primi risultati 
di detto studio comparato, gia interessanti al fine di chiarire la suddetta questione sono riportati 
da Bonino e Fabbri in Rend. Accad. Lincei (VILL) 2%, 402 (1957). 


Tetrahedral complexes of nickel (If) and the factors 


determining their formation 


Summary: ‘« rary to general beli ce ‘ ckel (11 


trahedr 
structure are rather ncommon. Many cor wen attributed such striux 
r 


t ive been show by more detailed inves sther stereochemistries 


re occurrem fsuch a type of ny he basis of Valence Bond 
‘ 


explanation ) ¢ fle eatment plied 


has shown th while the complexs Br. and 1) 
diamagnetic and have rans-square pla parama 
gnetic (le 10 B. M.) and possibly tetrahedral t theref ) ‘ st to study 
the structure and properties of the compounds (/ \ \ ad NO 

These compounds are paramagnetic (Ue u, . M : etrahe- 
dral structure as shown by their conductance, ¢ r pole mon ray diffrac 
tion studies. The thiocvanato analogue (X ippears 
to have frans-square planar configuration 

rhe transition from paramagnetic to diamagnet plexes is attrib the force 
of the electrostatic field generated by the ligand formation o iral com 
pounds, instead of octahedral ones, in the "ls P), Ni\ Cl, Br. and ipparently 
in disagreement with the predictions based on liga ie ¥. can b explained 
n terms of ster hindrance, which prevents the for ) f octahedral « plexes 

In general, it appears that tetrahedral complex fr Il) will be formed only 
when the ligands do not have enough perturbing p« r to giv ympounds of the spir 


paired type ind when tet iral stereochemistr for the steric requireme 
of the ligand 


On reading the standard reference works and the literature, one of- 
ten finds reference to paramagnetic complexes of bivalent nickel which 
have been attributed tetrahedral structur 

It is only recently that a more detailed study has revealed that com- 
plexes of this type are rather uncommon. In fact of all the many para- 
magnetic complexes of bivalent nickel, the most likely to have tetrahedral 
Structure, at the beginning of the present investigation, was (£/,P), 
Ni (NO,),. This belongs to a class of compounds prepared by Jensen in 
1936, the properties of which are listed in table 1 [1]. 

he change in bond type on going from the chloro to the nitrato- 
complex, and Jensen's observation that during the preparation of the ni- 
trato-complex appears a transient red colour, which he attributed to the 
formation of an intermediate square planar « ymplex, lent interest to the 
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study of the structure of the compounds given by triphenylphosphine, 
which had been prepared but not investigated [2, 3]. 


TABLE 1 Complexes of Nickel (II) with Tertiary Phosphines, (Jensen, 1936) 


(E1,P), Nici, red 
diamagnetic 

monomeric in benzene frans-planar 
approx. O dipole moment 

(Et,P), NiBr, dark red 
(E1,P),Nil, reddish brown 
approx. O dipole moment 

(Et, P),Ni (NO 5)q 

Leff $10 BM 


? 


monomeric in benzene tetrahedral (7) 
UL 8.85 D. It 
(PhEIL,P), Nicl, red 


(PhEI,P)g Ni (NOg), green 


The compounds studied, and their properties, are listed in table 2. 
All the compounds are non-electrolytes in nitrobenzene solution, and X- 
ray structural work on (Ph,P), NiCl, and (Ph,), Nil,. shows that they are 
monomeric in the solid state [4]. 

This X-ray work shows that the chloro-complex, (Ph,P), NiCl,, is 
tetrahedral, and the iodocomplex, (Ph,P), Nil,, is certainly not cis- 


TABLE 2 Complexes of Nickel (Il) with Triphenyiphosphine 


(Ph,P),NiCcl, blue 


Leff 


(PhyP), NiBr, dark green 


Let 2.97 B. M. 

UL 2.9 D. U. 

(Ph,P), Nil, brown 
Leff 2.92 B. M. 

UL 8.5 D. U. 

(PhyP), Ni (NO5)q green 
Leff. 3.04 B. M. 

(Ph,P), Ni (SCN), red 
diamagnetic 


approx. O dipole moment 


planar. This, in conjunction with electric dipole moment measurements, 
(u = 8.5 D. U.), leads to the conclusion that the iodide also has tetrahe- 
dral structure. By analogy one may assume that the bromide, (Ph,P),NiBr,, 
also has tetrahedral structure. 

Here then we have the first unambiguous class of tetrahedral comple- 
xes of bivalent nickel. The thiocyanato-complex, (Ph,P),Ni(SCN),, in- 
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stead, because of its diamagnetism and low dipole moment must have a 
frans-square planar structure. 

The rare occurrence of tetrahedral complexes of bivalent nickel can- 
not be explained in terms of valence bond theory. Overlap integral calcu- 


Regular Cubic Field Regular Tetrahedral Field 


’ 
Ait 


Crystal Field Energy 12 Dq Crystal Field Energy 


Square Planar Field 


Ficure 1, — d-Orbital Splitting Due to the Ligand Field in d* Systems 


lations for 4s4p* and 4s4p* 4d? hybrids show that these hybrids should 
form bonds of approximately the same strength [5]. 

It appears instead that most paramagnetic complexes of bivalent 
nickel have a strong tendency to achieve octahedral structure, e. g., AK, 
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[NiF,] has been found to be polymeric with bridging fluorine atoms for- 


ming a layer structure which can be represented as A, [Ni (F 2),/°,]. [6]. 


e to the Crvstal Field between a Cubic and a Tetrahedral Field in Ni- 


BIC FIELD TETRAHEDRAL FIELD 
12 Dq 


& Dea 


same ligand Dq Da 


1 


1,160 cm , 1,160 

13,920 cm—! 9,280 

Energy difference 1,640 cm ca. 14 keals 
assumption ; for the same ligand Dgq 2/3 Deq 
Dq for en 1,160 em—! 500 em 
13.920 m L000 cm 


ca. 10,000 ecm 1 


formation of an octahedral complex 


15 to 30 keals 


A satisfactory explanation of this behaviour is supplied by ligand 
field theory when applied to d*® systems [7]. The d-orbital splitting for 
such systems in fields of different symmetry is given in figure 1 


unperturbed regular distorted 
ion tetrahedral field tetrahedral field 


Energy gained by the Jahn-Teller Distortion 2/3 A 


Fic. 2 Jahn-Teller Splitting for Nickel (11) lons in a Tetrahedral Field 


lable 3 shows a rough calculation of the difference in crystal field 
lor ethylenediamine complexes of bivalent nickel with octahedral and 
tetrahedral structure. It can be seen that there is a gain in crystal field 
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energy of 15 -30 keals. on going from a tetrahedral to an octahedral com- 
plex. A similar energy difference is expected also in the case of complexes 
of nickel (11) with other ligands, and this large energy difference is certainly 
responsible for the rare occurrence of tetrahedral complexes of bivalent 
nickel. 

The formation of tetrahedral complexes, instead of octahedral ones, 
in the (Ph,P), NiX,, (X Cl, Br, and 1), apparently in disagreement 
with the predictions based on ligand field theory, can be explained in terms 
of steric repulsions between triphenylphosphine molecules which prevent 
polymerization of the (Ph,P), NLX, units and, consequently, the formation 
of an octahedral complex. 

There is also another effect to be taken into consideration. It has been 
pointed out that the Jahn-Teller effect will be operative in tetrahedral com- 
plexes of nickel (II). [8] The energy relationship is shown in figure 2. 

It is therefore evident that distortion of the tetrahedron will occur 
spontaneously, but this effect is not expected to be very large. 

Summing up one can say that tetrahedral, paramagnetic complexes 
of bivalent nickel will be formed only when the ligands do not have enough 
perturbing power to cause spin pairing, i. e., to give rise to diamagnetic 
complexes, and when a tetrahedral arrangement of atoms is forced by the 
steric requirements of the ligands. 

The author wishes to thank MeSsrs. Albright and Wilson for a generous 
gift of triphenylphosphine, Drs. J. Owen and L. E. Sutton for useful dh- 
scussion, Mr. F. R. McKim for the measurements of magnetic susceptibi- 
lities, and Mr. C. M. Bax for the measurements of electric dipole moments. 
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DISCUSSIONS 


which you: have investigated have 


Basolo (Evanston) — I should like to ask if the complexes 
ilar retrahedra then are not the 


a regular or a distorted tetrahedral structure. If these are 
normal values observed for spin only magnetic susceptibility unexpected. 


reg 
regi 


Venanzi Bond angles in (Ph, P), NiCl, are very near to 109°. No conclusion about the 
amount of distortion can be reached because the four ligands are not equal. This could be done 
only by comparing bond angles in (Ph,P), NiCi, and (Ph,P), ZnCl, because in the latter no 
Jahn-Teller distortion is expected. 

Powell (Oxford) — It was stated that the compounds Ni[P(C,H;)], Hal, have certain co- 
lours. As with many other coordination compounds and ch«cmical compounds, generally the 
conditions in which the colour is observed should be stated. The chloride was said to blue. 
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When observed plane polarised light, the crystal appears as blue-green, when the elec 
tric vector is along one of the principal optical directions. For one of the two principal optical 
directions at right angles to this, it appears red-purple, and for the other it looks orange. 


Venanzi [ should like to add one other colour to those mentioned by Mr. Powell for (Ph,P), 
finely powdered state it is grey. The reason for giving the blue colour is that to 
g at the crystals by naked eye they look blue. 


Nyholm (London) The relatively small orbital contributions to the magnetic moments 
observed for Dr. Venanzi’s paramagnetic Ni Il complexes strongly support his proposal that 
the degeneracy of the de orbitals has been removed. If the three de orbitals are degenerate 
one has a perfect tetrahedron, then a large orbital contribution is expected owing to the possible 
redistribution of the 4 electrons among the three d orbitals. One instance where a regular or near 
regular tetrahedral Ni Il complex occurs is apparently in certain glasses made by Prof. Weyl 
(see Ref. 12 in lecture by Nyholm). The moments of these glasses are of the order of 3.8-3.9 B. M. 
which indicates a large orbital contribution (in excess of 2.83 B. M.), hence degeneracy or near 
degeneracy of the three de orbitals. 


Venanzi I agree with Professor Nyholm. 


The nephelauxetic series of ligands 


corresponding to increasing tendency of partly 


covalent bonding 


CLAUS E. SCHAFFER anv C. KLIXBULL JORGENSEN 


Chemistry Department A, Technical University of Denmark, Copenhagen Denmark 


Summary: Ligand field theory has interpreted th: porte forbidden absorption spec 
tra of complexes the central ions of which have partly ed d shells. If octahedral sym 
metry Op, the ligand field perturbations can be expressed by one parameter A (denoted 
also (E, I ,) or 10 Dq). However, by adaptation of experimental energy levels to the pre- 
dicted function of A it has been found nessesary to use smaller values of the term distances 
than those known from the gaseous ions 

This reduction of the term distances of the free ions will be discussed in the present 
communication. Numerous experiments have shown | t the decrease grows more and 


more important in the series of metals 

Wnill) Nill) Criill) Coflll J 11l) Jrill) 
and in the series of ligands 

I H,O NH, en SCN ( CN Br 


All our experiments seem to indicate that the coefficients of intermixing z lie between 
those of the electrostatic model (2 O) and those of the Pauling d*sp* case (2 0.5). The 
variation of the radial function with a constant hydrog: like angular function and the 


relative importance of o and t bonding is discussed 


In his lecture this morning, Professor Hartmann described the two 
common ways of approaching the crystal field problem. He mentioned the 
two main perturbations of equal order of magnitude which the electrosta- 
tic treatment had to take into account. One of them, the crystal field 
perturbation, is described in the case of O, symmetry by the parameter A, 
10 Dq or E, — E,, these three symbols a!) representing the orbital energy 
difference between the e and the ¢, electron. The other perturbation is the 
electrostatic interaction between the electrons in the d shell. This pertur- 
bation is calculated by the theory of Slater, Condon and Shortley or of 
Racah giving the energy differences within the d shell in terms of F* and F* 
or B and C, respectively. Here the following interrelation exists: 


/ ‘ 
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[he spectra of complexes with regularly octahedral symmetry has 
has been interpreted as transitions between energy levels characterized by 
their total spin quantum numbers and a group theoretical symbol I indi- 
cating that the wavefunction of the level has the same symmetry proper- 


ties as the irreducible representation [ of the O, group. If q levels of cha- 


racteristics ~~ lr occur within a d" configuration, their energy can be de- 
scribed as the eigenvalues of a determinant of the degree q. If there is only 
one level of *°~' [, its energy will be given as a linear combination of a 
multiplet term energy (expressed in B and C) and A. If g> 1, two determi- 
nants of equal significance but of different form are obtained dependent on 
the order in which the two perturbations are taken into account. 

From the comparison with experimental results of atomic spectroscopy 
the values of B and C can be evaluated for the gaseous ions. 

In literature, these values usually have been considered fixed, and A 
has been chosen so as to adapt all the known energy levels to the theory 
in the best possible way. Tanabe and Sugano [1], who gave the «strong 

determinants for all levels of d* systems, were the first authors to 
mention the possibility of making B and C free parameters. In this way 
they found that much better agreement could be obtained between the 
experimental values of the energy levels and the values calculated from 
their matrices. Owen related the relative decrease in these parameters in a 
series of different hexaaquo metal ions to the effect of increasing covalency. 
Later Klixbill Jorgensen [3,4] developed these conceptions, and the 
present contribution will give a series of ligands for which the ratio 

1 etn 


RB decreases. In order to eliminate possible discrepancies 
gase 


ous ion 
caused by deviations from O, symmetry due to the Jahn-Teller effect we 
have only studied complexes with orbitally non degenerate ground levels. 

If the ligand field is accounted for first, you get «strong field » deter- 
minants. Here the diagonal elements corresponding to pure sub configu- 
rations e"/? contain a contribution from the ligand field parameter A to- 
gether with a linear combination of the Racah parameters distinguishing 
the levels within the sub configuration. The off-diagonal elements only 
contain linear combinations of Racah parameters mixing levels with the 
same I originating in different sub configurations. 

When the electrostatic interaction is taken into account first, the 
« weak field » determinant is obtained. Here the diagonal elements corre- 
spond to multiplet terms of the gaseous ion characterized by their L and 
S. These elements are expressed as a sum of Racah parameters equal to 
the energy of the multiplet terms and a multiple of A corresponding to 

sE , : , ; ' 

the slope “vy (A = 0) of the energy function E, when the ligand field 
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is zero. The off-diagonal elements being mult ples of A describe how the 
levels of the gaseous ion are mixed as a function of the ligand field. 

In fable I are given the A values and in fable I] the & values for a 
number of complexes of this type. 

We shall give a short account of how these tables have been deduced 


from the experimental material. 


TABLE I 


igands arranged in the order o e spectrochemic 


The values « f (cn 1) ar i } wr irena 


TABLE Il 


Mniil) 
Nich) 
Fe( ttt) 
Criiit) 
Co( Til) 
RAC itt) 


Ir til) 


Ligands arranged in the order of the nephelauxetic series 


rhe values of B complex / B gaseous ion are given 


We have applied the determinants of Tanabe and Sugano using for 
the ratio between the Racah parameters C/B always the average value of 
1. Thus we have evaluated the figures of B and A by adapting wavenum- 
bers of the absorption bands to the eigenvalues of the determinants. From 


B compier 200 B gascous ion the 8 values have been calculated. 


CLAUS A. SCHAFFER, C. KLIXBULL JORGENSEN 


With Cr(I1l) d and Ni(II) d® the values of A are well defined as the 
wavenumber of the first spin allowed absorption band, and with d* we have 
made the second band fit the matrix in order to determine By, ix, While 
in the d* system we have used the sum of the second and the third band. 


The B values of the gaseous ions are here known from atomic spectro- 
scopy. 

With the d* systems of Co(II]), RA(II1), and /r(IIl) this is not the 
case. Here we have obtained the following figures by extrapolation from 
a rather sparse material of other metal ions: 

Co(1IT) wee eo ea ee 1100 em 
1 


RACAL) oie a, De db 720 cm 


Ir(i1l) > ek Sw oe eee ere 

The B values of the complexes are here largely determined by the distan- 
ce between the two spin allowed absorption bands, but as the A values are 
greater than the wavenumber of the first absorption band by approxima- 
tely the Racah parameter C, our ratio C/B will induce some uncertainty. 

In the d® systems of Mn(II) and Fe(///) we have not evaluated B be- 
cause here we have an atomic term distance reflected in the complex ions. 
The distance *G *S is found as the wavenumber of the transition from 
the ground level *A, to ‘A,, *E. 8 is determined directly by the ratio bet- 
ween this wavenumber and the wavenumber of the *S > ‘(7 transition 
of the gaseous ion. By this method we have also eliminated the error due 
to the fact that the Racah theory does not give very good results for the d® 
systems. In Mn(Il) the 4G ®S values are known to be 26800 cm 
and in the Fe(IIJ) the extrapolated values of Moore-Sitterly and Edlén [2] 
of 32000 cm™ have been used. A is difficult to estimate here, and in order 
to get comparable results we have still made the first absorption band 
SA, > ‘7, fit the matrices. 

Table i gives a number of such complexes in the order of the spectro- 
chemical series corresponding to increasing values of A. For each metal 
you get approximately the same series of ligands and for each ligand the 
same series of metals. 

It has been emphasized before that these features could not be expla- 
ined reasonably by a mere electrostatic ligand field. Some mixing of ligand 
and metal orbitals would have to be accounted for. If the e orbital of the 
metal becomes antibonding by being mixed with o-combinations of ligand 
orbitals, A will increase, while a similar mixing of the metal ¢, orbitals 
with x-combinations will cause A to decrease. The latter phenomenon 
would tend to produce smaller A — values for halide and oxoanion com- 
plexes than for amine complexes. The metal d orbital might also mix with 
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empty ligand orbitals of higher energy. In this way A would change in the 
opposite direction to that already mentioned. In general, however, the lat- 
ter processes seem to have little importance. The considerations of cova- 
lency can be supported by studying the three orbital energy differences 
occurring in complexes of tetragonal symmetry, but the most essential 
evidence for partly covalent bonding, as derived from absorption spectra, 
is the decrease of 8 (B gmpiex/ B gaseous ion) Delow 1. 

Table II lists the same complexes in the order of decreasing 8 values. 
There exists the same series of ligands for all the metal ions in question, 
but the order is quite different from that of the spectrochemical series. We 
shall propose to call this series the nephelauxetic (cloud expanding) series, 
as it corresponds to a development of the d shell in the region of the li- 
gands. The neo-greek word was constructed by Professor Ka) Barr from 
the University of Copenhagen. 

The variation of 8 with the central ion for a given ligand seems to go 
symbatically with that of A though Fe(J//J) and Cr(JII) may be inter- 
changed. The comparison of 8 values of different metals is somewhat mo- 
re uncertain than that of different ligands. This is mainly because the Ra- 
cah parameter B is not always known for the gaseous ions. 

Except for the case of d® systems the values of 8 have been found 
from the spin allowed bands, the distances between which are mainly func- 
tions Of B wnpiexs If we had studied the spin forbidden transitions (e.g. in 
Cr(ill) and Ni(//)) we would have found that their wavenumbers were 
almost independent of A and mainly a linear combination of both Racah 
parameters B and C. The question would arise as to whether the ratio bet- 
ween C and B is invariant. 

We shall show in a later publication in Acta Chem. Scand. that A and 
l 8 separately can be described with a fair accuracy as a product of a 
ligand characteristic and a central ion characteristic. 

The development of the ligand field theory in the past six years has 
shown that different assumptions about the wavefunctions have predicted 
essentially the same absorption spectra. It is therefore not possible from 
the successfulness of any model in predicting energy levels to draw con- 
clusions as to the correctness of the wavefunctions of the model. Never- 
theless the nephelauxetic series seem to have shown that the partly filled 
d shell of the central ions is expanded. 
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DISCUSSIONS 


Adamson (Los Angeles) In our photochemical work we find that the quantum yields for 
the aquation of complexes of type MA,X varies with the nature of X in a 
your nephelauxetic series 


manner similar to 
In our case the series can be explained in terms of the oxidation po 
tentials for the ligands. Have you considered any similar interpretation of your series? 


Schaffer Such an intepretation is probably most reasonable i: 


1 the cases where the co 
valency is due to a donation of the electrons from the ligand to the 


metal ion. But in the case 
{CN there is evidence for donation of (, electrons from the metal ions to the 
ther with the o-bonding of opposite polarity) 


a) ligands (to-ge 
rhe experimental A values found for metal com 
plexes generally exibit a marked dependence on the charge of the central metal ion. For the 
hexaaqvo ions of divalent and trivalent metals of the first transition series we find A values of 
10000 and 17000 cm—!, respectively A similar charge dependence of Ais not found in CN com 
plexes and especially in d* systems the evidence for m-bonding is pronounced. The Co(I11) com 
plex has the large value of A 33500 cm 1 the Fe(Il) has A 32500 and Mnil) has A about 
0000 cm 1 (reported to be colourless). These extremely high values of A to-gethet 


with the 
much lesser dependence on the electrical charge of the metal ion suggest the donation of é, elec 
trons from the metal ions to the ligand 


Bjerrum (Copenhagen) — In response to Professor Adamson, Professor Bjerrum pointed out 
vw resemblance of the « nephelauxetic » set 


ries with that of Abegg-Bodlander, which for a given 


me may add sufficiently electronegative) metal was based on the oxidation-reduction potent 
of the ligands. 


Some examples of different spectroscopic 


and magnetic properties 


connected with the chromium III - oxygen bond 


CLAUS ERIK SCHAFFER 


Chemistry Department A, Technical University Copenhage Denmark 


Summary rhe spectra are given of some chro 1 (111) complexes in which the 
chromium atom has oxygen as the six nearest neighbours. The ligand field parameter A 
is found to vary remarkably much and in a way different from what would be expected 
in view of the electrostatic ligand field model 

Some unexpected spectroscopic and magnetic phx nu with polynuclear complexe 


are described. 


In the preceding communication we have shown how a number of 
ligands can be arranged in a series in which the electrostatic repulsion 
between the d electrons of the complexes decreases. We named it the ne- 
phelauxetic series, because it corresponds to an increasing expansion of 
the electron cloud belonging to the partly filled d shell. The series is di- 
stinguished for being the same for all the metal ions investigated. 

Here we shall only deal with the chromium (III) ion. The energy le- 
vels corresponding to a maximum value of the total spin quantum num- 
ber S can be depicted in a diagram (fig. 1) in which the ordinate represents 
the energy of the levels reiative to *F, the baricenter energy of which is 
put equal to zero. The abscissa indicates the values of the ligand field 
strength. The Racah parameter B is the energy unit on both axes (°). 
It is seen that the ground level is an orbital singlet and paramagnetism 
corresponding to the spin only value of 3 electrons is observed for nearly 
all Cr (111) complexes. 

These characteristics are also typical of the polynuclear ammine com- 
plexes, all the spectra of which we have measured. Fig. 2 shows the spec- 
tra of the red rhodo ion, the constitution of which has been established to 
be (NH,), Cr(OH) Cr (NH,),’~. The figure also shows the roseo ion and the 
hydroxo pentammine ion. In general, the position of the absorption bands 


(*) All chromium (IIT) complexes studied so far have had their energy levels situated between the two 
dotted vertical lines of the diagram. It is scen that the electrostatic repulsion energies have the same or- 
der of magnitude as has the ligand field splitting. This is a fact which is important to remember for mole- 
cular orbital theorists who in order to escape mathematical difficulties would often feel inclined to take 


interest in orbital energies only. 
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of polynuclear omplexes is that which would be expected for the mononu- 


clear constituents. The deviations from the quantitative accordance with 
the ligand field theory, however, are greater in the polynuclear than in 
the mononuclear complexes and so outstanding in the basic rhodo ion, 
(NII,), Cr¢(O)Cr(NII,),**, that a 
reasonable interpretation is difli- 
cult. This point will be considered 
later. In order to investigate whe- 
ther or not the particular proper- 
ties of the polynuclears can be al- 
tributed to the chromium oxygen 
bond we have studied the spectra 
of a number of complexes in which 
the Cr (111) ion has the oxygen ton 
as its nearest neighbour. 
In table I are listed the wave- 
numbers of the first spin allowed 
absorption band (4A,, —+ *T,,) 
which in Cr (111) complexes accor- 
ding to ligand field theory is equal 
to the ligand field parameter A. 
The values of the Racah parameter 
B are also given. These have been 
calculated by adapting the second 
absorption band (‘A,, » J. .) 
to the determinants of Tanabe and 
Sugano [1]. It should be mentioned 
here that this approach of the 
theory to the experiments beco- 
The energy levels of higher spin multi- mes less valuable if the third band 
of Op symmetry. The abeciaen gives the ligand (‘Azy— *T;,) is considered. For 
field parameter A in units of the Racah pa- the CrF;~ and Cr (11,0),* we find 
p= ting nn ee eee somewhat lower values of B than 
units of B. The dotted vertical lines demareate those calculated from the second 
* en ‘aoe a a band, but for Cr (CO(NH,).)e a 
Cr(mal),;~, and Cri, the situation 
of the third band can hardly be brought into accordance with the de- 
terminants. The justification for still calculating the B values from the 
second band is the existence of the nephelauxetic series. To the left in 
table I are depicted some well known chromium complexes showing to 
what extent oxygen joins the rough spectrochemical series : 


O<NK < 
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It is seen that the values of A for the Cr-O complexes vary about 
1000 cm~'. This number may be reduced by 1000 cm! because the last 
two complexes in the column have become hypsochrome to the others in 
a somewhat artificial way. As indicated by Orgel [2] the Cr(III) ion is un- 
doubtedly compressed when situated in the Al,O, a-corundum lattice. 
The Goldschmidt radii for the two ions are .64.A and .57 A. respectively. 


nO) Cr 
im iit ( 
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In this way it was explained why the Cr(III) ion in the ruby had a much 
greater value of A than that found for the Cr(II]) ion when incorporated 
in glass and MgO (*), as described by Weyl [3] and Low [4], respectively. 
The simultaneous decrease of the Racah parameter B in the case of the 
ruby would be expec ted for the shorter distance to the ligand. With the 


heteropolymolybdate (*) we observe similar phenomena by comparison with 


the isomorphous ¢ o(Il) complex. Saito, Takeuchi, and Pe pinsky [D, 6] 


have determined the Cr-N distance in the reineckate ion to be 2.12 A, 
and Watanabe, Atoji, and Okazaki [7] have determined the Co-N distance 
in the Co(IIT) hexammine ion to be 2.04 A. Thus the diamagnetic Co (IIT) 
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Chromium (111) complexes arranged in the order of the nephelauxetic series of the ligands. The 


of the Racah parameter B and of the ligand field parameter A are given 


: 
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ion seems to have almost the same size : the Al(III) ion. The compa- 


rison between the heteropolymolybdates follows 


( r(aq), 17390 em . 18500 cm 
CrMo0, 18520 em , 18350 cm 


The aquo ions are included here to illustrate the general trend that A is 
bigger for Co(IIl) than for Cr(II1) in corresponding complexes. It is not 
unreasonable to assume that the Co(III) ion fits into the molybdate lat- 
tice while the Cr(III) ion is too big and therefore becomes compressed. 
This is also in agreement 
with the fact that heteropo- 
lymolybdates are formed by 
quadrivalent metals but not 
by divalent ones. 
In table II the data of 
table | are given in the order 
of the nephelauxetic series. 
The different O-ligands are 
found in both ends of the ne- 
phelauxetic series as seen 
from comparison with the 


complexes listed to the left. It 


is conspicuous that the Cr,0, 
has the lowest B value ol 
all the complexes. This fact 
mav be connected with the OC 000 600% 30000 000 38000 ~~ WBb00 
coupling between the Cr ions alia oe ye oe 


in the crystal, reflected in an nate ((NH,), Cr (O) (Cr (NH,),] (S40) HO 


\bscissa: The frequencyin wavenumber units, cm 


oes 
anomalously low value for the 


; : re Ordinate: The relative optical densities as measured 
magnetic susceptibility. Thilo, with » Beckman DU spectrophotemeter. 
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Jander, and Seeman [8] found a susceptibility corresponding to approxi- 
mately 1 spin per Cr(III) ion. 

At this point we shall return to the basic rhodo ion. As already men- 
tioned by Bjerrum [12] at the Solvay conference in May 1956 and described 
by Wilmarth, Graff and Gustin [9], this ion also displays anomalous ma- 
gnetic properties. Table III lists some measurements of the magnetic 
susceptibility of basic rhodo dithionate at different temperatures. We are 
indebted to Dr. Potts Jensen for carrying out these measurements. The 
four orbital energy levels of the binuclear complex (multiplicity 7, 95, 3 
and 1) will be degenerate if there is no coupling between the Cr (III) ions. 
In this case they will be populated according to their spin degeneration 
numbers constituting a 16 times degenerate ground level. Although the 
measurements of table III vary due to impurity in the compounds used, 
it can be concluded that the singlet actually is the lowest level and that 
one of the other energy levels is situated some 100 cm™~'* higher. 

The magnetic properties are reminiscent of the diamagnetic [10] 
Cl, Re (O) ReCl{~ and Mulay and Selwood’s [11] diamagnetic Fe (III) 
ion which may have the constitution (aq), Fe (O) Fe (aq)5*. 

In fig. 3 we give the reflection spectra of the same salt showing four 
surprising peaks in the near ultraviolet. The band with maximum at 16600 
cm ' displays a half width so great that it might be suggested that the 


complex in question has a B value so small that the absorption band is 


a coalescence of all the tetragonal energy levels originating in the cubic 


sub configuration fe. 
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Spettri di assorbimento di aleuni complessi co- 


baltosi e cobaltici dipiridilici e fenantrolinici 


GIORGIO FAVINI & ERNESTINA PAGLIA 


»> di Chimica Industrialk Centro di ( i Metallurgica del CNR 
Milano Ital 


Riassunto: Nella presente ricerca sono stati esar gli spettri d’assorbimento nel- 
lultravioletto vicino, di una serie di complessi di col bivalente e cobalto trivalente, 
con l'a-a dipiridile e l'o-o fenantrolina 

I risultati ottenuti confermano che i composti de bivalente non portano sensibili 
alterazioni allo spettro d’assorbimento delle basi che in relazione alla suscettivita 
magnetica che corrisponde a quella di Co= +. Per contr omplessi del Co trivalente pre- 
sentano uno spostamento batocromico della prima | 1 2800 Ae del dipiridile e a 
2650 A° della fenantrolina e la scomparsa della second ila rispettivamente a 2350 A 
per il dipiridile e a 2275 A° per la fenantrolina, in accor on Vintervento nei complessi 


cobaltici degli orbitali 3d del metallo, come risulta a lal loro diamagnetismo 


Gli spettri di assorbimento dei complessi di ioni metallici possono in 
generale presentare tre serie di bande di assorbimento pid o meno distinte 
nella regione del visibile e dell ultravioletto. 

La prima serie pud essere assegnata ad una eccitazione elettronica 
dell'atomo (o ione) metallico, la seconda ad una eccitazione elettronica 
delle molecole (0 ioni) coordinate, con l’osservazione che i rispettivi livelli 
energetici possono essere pil o meno perturbati dalla formazione del com- 
plesso; la terza serie infine pud essere assegnata a transizioni elettroniche 
riguardanti proprio gli elettroni che partecipano direttamente al legame 
coordinato. 

In studi precedenti su alcuni sali complessi metallici dell’«-«'-dipiri- 
dile e dell’o-o’-fenantrolina, K. Yamasaki e collaboratori [1] hanno osser- 
vato che gli spettri di assorbimento nel visibile e nell’ultravioletto delle so- 
luzioni acquose di tali complessi presentano: (A) bande di assorbimento 
deboli (log. « 0 2) nella regione del visibile caratteristiche del catione 
metallico centrale e simili a quelle osservate negli acquo- e ammino-com- 
plessi degli stessi metalli; (B) bande di assorbimento molto forti (log. « = 
| 5) nell’ultravioletto dovute alle molecole organiche coordinate che in 
genere sono alquanto spostate verso le lunghezze d’onda superiori nei con- 
fronti della loro posizione originale nella molecola libera. Nel presente la- 
voro é stata in particolare studiata l’influenza dello ione cobalto bivalente 
e dello ione cobalto trivalente sulie bande del tipo (B), prendendo in esame 
tutta una serie di complessi dipiridilici e fenantrolinici. 
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MISURE SPETTROFOTOMETRICHE. 


II 


gia descritti da E. Paglia 


Le misure riguardano i composti di Co! 
Sironi [2]. Per il tricianuro | Co(CN), (dipiridile),, |. 2H,O0 e lidrosso- 


nuit 


a-a dipiridile metanolo 
[Co(dip),)Cl, , 
Co(dip),\(C10,4),.2H,O 

[Co(dip),| Br,.2H,O 


cianuro } Co(CN),.OH (fenantrolina), {77,0 rimandiamo alla Nota di L. 
Cambi e E. Paglia che precede questa comunicazione. 

Gli spettri di assorbimento sono stati ottenuti usando uno Spettrofo- 
tometro a quarzo Beckmann, modello D.U., con lampada ad idrogeno nel 
campo 3900-2200 A® e vaschette di quarzo dello spessore di 10 mm. 

Come solvente é stato impiegato metanolo Merck puro per analisi: 
le concentrazioni delle soluzioni esaminate erano dell’ordine di 10~°/10~° 
moli/litro. 

Le curve ottenute sono riportate nelle figg. 1-4 come logaritmo del 
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coefliciente di estinzione molare in funzione della lunghezza d’onda (in A®); 
e stata usata la legge di Beer nella forma: log J,/] = C le, dove I, ed / 
sono rispettivamente le intensita della luce incidente e di quella trasmessa, 
e € il coefliciente di estinzione molare, / é lo spessore della vaschetta in 
cm. e C la concentrazione in moli/litro. 


RISULTATI. 


a) Complessi dipiridilici : le misure ottenute con i complessi del co- 
balto bivalente confermano le osservazioni generali di Yamasaki [1}.e di 


3000 2200 


a-a' dipiridile in metanolo 
[Cofdip)i.5 (CN),2H,0 » , 
-- [Co(dip),)Cl,.2H,0 


Sone [3] nel fatto che le due bande di assorbimento dell’z-«' dipiridile so- 
no lievemente spostate verso le lunghezze d’onda maggiori senza che ven- 
ga ad alterarsi l’'andamento della curva del dipiridile stesso. Le lunghezze 
d’onda dei massimi di assorbimento sono elencate per i complessi esaminati 
nella Tabella I unitamente ai valori dei coefficienti di estinzione molare e 
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Composto 


a-a dipiridile 
Co(dip),Cl, . 
Co(dip), Br,.2H,O 
Co(dip), (ClO,),.2H,O 
Co(dip),Cl,.2H,O . 
Co(dip)1,5(CN),.2H,O 


o-o fenantrolina 
Co(fen), Br,. 2H,O 
Co, fen), Cl,.3H,O 
Co(fen),Cl,.2H,O — 


Co(fen),(CN),0H.7H,O 


Amax 


3000 2600 


o-o fenantrolina 
[Co(fen), |Cl,.3H,O 
.- [Co(fen),)Br,.2H,O 


TABELLA I. 


Prima banda 


log. € 


n metanolo 
’ » 


Seconda banda 


log. € 


0,177 
0 ,788 
0 805 
0,915 


0 ,686 
0 ,706 
0 821 
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degli / (forza oscillatrice della transizione) calcolati secondo il metodo de- 
scritto da Mulliken e Riecke [4] dalla relazione: 


1,135 . 10" 


. ky, dv 


dove N é il numero di molecole per cc., D é la larghezza della banda, v il 
numero d’onda in cm~' e k, il coefficiente di estinzione definito da: In 
1/1 = kyl. 

Come é stato rilevato nel caso di altri complessi [5] lo spostamento 
batocromico delle bande delle molecole coordinate si pud considerare come 


(2) 


3000 0 2200 


o-o fenantrolina metanolo 
[Co(fen),)Cl,.2H,O , 
[Co(fen), CN ),OH -7H,O , 
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un indice del grado di deformazione o perturbazione di dette molecole; ab- 
biamo ritenuto quindi di poterlo confrontare almeno qualitativamente con 
il momento magnetico effettivo pure riportato in Tabella per i singoli com- 
plessi (espresso in magnetoni di Bohr) gia determinato da L. Cambie & 
Paglia [6]. Nel caso dei complessi del cobalto trivalente la prima banda di 
assorbimento é@ spostata verso le lunghezze d’onda superiori piu sensibil- 


mente dei casi precedenti, mentre la seconda banda praticamente scompare. 


b) Complessi fenantrolinict: per |} complessi del cobalto bivalente lo 
spostamento batocromico della banda a 2650 A°® é@ molto meno sensibile 
di quello osservato nei corrispondenti complessi piridilici, mentre per quel- 

ticamente neppure si manifesta. Tale fatto s accorda per- 

fettamente con le osservazioni fatte da Sone [5] sugli spettri mono-piridi- 
ie mono-fenantrolinici di diversi metalli bivalenti, e sembrerebbe perciod 
confermare, secondo l’ipotesi di Mulliken [7], che la molecola di dipiridile 
tendenza maggiore a formare complessi nello stato eccitato che non in 


che puo essere mecsso in relazione con un aumento 


qué llo fondamentale, | 


della carica negativa agli azoti (per laumentato carattere popolare dello 

eccitato) con conseguente aumento della interazione elettrostatica 

con lo ione metallico; mentre invece e da presumere che la densita elettro- 

nica agli atomi di azoto della fenantrolina sia poco influenzata nel passag- 
gio dallo stato fondamentale a quello eccitato. 

Per quanto riguarda i complessi del cobalto trivalente, valgono le stes- 

se osservazioni viste a proposito dei complessi piridilici, con la caratteri- 


stica scomparsa della seconda banda di assorbimento. 


DISCUSSIONE, 


Le considerazioni esposte nel capoversi precedenti permettono al 
trarre qualche conseguenza, anche se di natura semplicemente qualitati- 
va, sulle strutture elettroniche dei complessi del cobalto. L’apparenza dei 
cobaltosi ai complessi del tipo comunemente detto « polare » od «ionico 
e resa evidente dal valore del momento magnetico (a conferma del fatto 
che non intervengono orbitali 3 d del cobalto) e dalla regolare riproduci- 
bilita dello spettro delle molecole coordinate (a conferma del fatto che il 
sistema coniugato di elettroni =< della molecola organica non viene alterato) 

Nei complessi cobaltici invece l’intervento degli orbitali 3 d del metallo 
e di elettroni delle molecole coordinate nei legami del complesso é confer- 
mato da una parte dal diamagnetismo e dall’altra dall’alterazione dello 
spettro elettronico delle molecole coordinate manifestantesi con la scompar- 


sa di una delle due bande caralteristiche di dette molecole. 


Ringraziamo il Prof. L. Cambi che ci ha consigliato la presente ricerca. 
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Some problems in the stereochemistry 


of coordination compounds 
Introductory Lecture 


JOHN C. BAILAR 


University of Iinois Urb 


Summary: [E-very coordination number from two to eight is exhibited by inorganic 
compounds, and for each coordination number except six, compounds of at least two con- 
figurations are known. This paper is limited to chem | studies on compounds illustrating 
the oordination number four and six. 

rhe only tetrahedral coordination compounds that are known to be stereochemically 
stable are the spirans. The kinetics of racemization of these has not been investigated. Many 
types of compounds which are of stereochemical interest remain to be studied-among them, 
diol complexes and compounds of tetradentate ligands 

rhe chief interest in the stereochemistry of the planar tetracoordinated complexes lies 
in the study of the trans effect and in compounds containing unsymmetrical or optically 
active bidentate ligands or polydentate ligands 

Reactions in octahedral complexes (e. g., replacements, rearrangements, and racemi- 
zations) take place by a wide variety of mechanisms, depending upon the nature of the metal 
and the ligands. Reactions of complexe: itaining optically active ligands tend to be ste- 
reospecific, thus, D and L isomers of [|Co(levo-propylenediamine),CO,|+ are not of equal 


stability, nor are those of [Co(levo-stilbenediamine) 


Che study of the stereochemistry of complex inorganic compounds 
has been very popular in recent years. The development of the new tools 
of physical chemistry has made possible many studies which were not 
possible earlier, and the growth of our knowledge of bond types has both 
aided the study of stereochemistry and has been aided by it. The variety of 
the compounds which must be considered in a complete survey of the sub- 
ject is extremely great, for many of the elements which form coordina- 
tion complexes exist in more than one oxidation state and show more than 
one coordination number and the complexes which they form are held 
together by a wide variety of bond types. For example, the stereochem- 
istry of the platinum (II) complexes is quite different from that of the plat- 
inum (IV) complexes; the mechanism of racemization of the tris-ortho- 
phenanthroline iron (11) ion is not like that of the racemization of the anal- 
ogous nickel (II) ion [1] and the reaction by which chloride is replaced from 
the cis-dichloro-bis-ethylenediamine cobalt (II]) ion by methoxide (in 
methanol solution) does not follow the same path as that by which it is 
replaced by nitrate [2]. 

Every coordination number from two to eight is exhibited by complex 
inorganic compounds, and for each coordination number except six, com- 
plexes of at least two different shapes are known. From the chemical point 


166 JOHN Cc. BAILAR, JR. 


of view. complexes in which the metal shows a coordination number of 
four or six have excited the most interest, for they exist in a variety iso- 
meric forms which are stereochemically stable. A little work has been done 
on the isomerism of eight coordinate complexes [3], but almost no studies 
of the isomerism of metals showing the other coordination numbers have 
been made. The stereochemistry of coordination numbers two, three, five, 
and seven has been studied almost entirely by such physical methods as 
crystal analysis and measurements of magnetic susceptibilities, dipole 
moments, and spectral properties. These studies are both interesting and 
important, but the author of this paper has been less concerned with them 
than with isomerism and the reactions of complexes, so this paper is con- 
cerned largely with the chemical behavior of four-covalent and six-co- 
valent complexes. 

The four-covalent complexes containing outer orbital bonding seem 
to be uniformly tetrahedral, and were it not for the lability of the metal- 
ligand bonds, the stereochemistry of these elements might be as extensive 
as that of carbon. As it is, the only compounds of this group which are 
stereochemically stable are those containing chelate rings, so nearly all of 
the reported work is concerned with the optical activity of spiran-like com- 
pounds. Years ago, Mills and Gotts [4] resolved the beryllium complex of 
benzoyl pyruvic acid (A). This work has been confirmed by the more re- 
cent resolution of the 


\ 
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beryllium derivative of benzoylacetone [B] [5], which is especially interes- 
ting because the separation of the antipodes was effected by a difference 


\ 


\ 


\ co 
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in the way they are adsorbed on optically active quartz. 

This method of resolution has been little used, and is not well under- 
stood. In some cases in which the method has been tried, it has failed com- 
pletely, but in general, it seems to be applicable to the resolution of many 
types of complexes, both tetrahedral and octahedral, and the adsorption can 
take place from a variety of solvents. There is some evidence that separa- 
tions depend upon the rate of adsorption rather than upon the stability of 
the adsorption complex [6], but this evidence is very tentative. It has been 
suggested that the configuration of the isomer which is preferentially ad- 
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sorbed must correspond to that of the quartz; if such a relationship can 
be shown to exist, adsorption on optically active quartz will offer a simple 
method of determining the relative configurations of optically active sub- 
stances. The method, of course, is not limited to the use of quartz; in all 
probability, any optically active solid can be used. 

The stereochemistry of the tetrahedral complexes presents many in- 
teresting problems. For example, it should be possible to depart from the 
simple spiran types, and to resolve complexes of tetradentate ligands such 
as 2, 4, 6, 8 nonanatetrone, CH,;COCH,COCH,COCH,COCH,, and perhaps 
to prepare cis and frans forms of dinuclear-diolcomplexes containing un- 
symmetrical chelate rings: 


Another type of study might be concerned with the kinetics and the 
mechanism of the racemization of complexes of beryllium, zinc, and other 
metals that form outer orbital complexes. 

The inner orbital dsp* complexes have long been thought to be square 
and planar, but suggestions have recently been made that they are tetrag- 
onal, with one axis much longer than the others. This may well be the 
case, but it does not greatly alter our concept of the stereochemistry of 
these complexes, and in most studies of such complexes, we shall continue 
to be concerned primarily with the stereochemistry of a planar structure. 
At first thought, one might expect the stereochemistry of a square plane 
to be quite devoid of interest, but, on the contrary, it has proved to be a 
most fascinating subject. The bonding in these complexes is much strong- 
er than in the tetrahedral complexes, so it has been possible to isolate all 
three of the possible isomers of [Pt(NH,) (NH,OH) py NO,}* [7] and of 
[Pt((NH,)py Cl Br] [8]. In a strikingly imaginative piece of work, Mills 
and his students [9] demonstrated that the complexes of palladium (II) 
and platinum (II) are not tetrahedral; this demonstration consisted in the 
optical resolution of the ions [M (isobutylenediamine) (meso-stilbenedi- 
amine)]**. Many other possibilities exist for optically active, planar com- 
plexes in which the activity depends upon the stereochemical nature of the 


ligands. Attempts to prepare the racemic and meso forms of |[/’d ental] 
(in which only two of the acetate groups of the ethylenediaminetetracetic 
acid are coordinated) have not yet succeeded [10], but continued efforts 
should be made to determine whether both forms can exist, and if so, 


what their properties are. 
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Many \ igo, Werner observed that platinum (II) tetrammine 
chlorides, up heating, vielded frans dichloro-diammines. This reaction 
constituted the first example of the /rans effect, which has now been sub- 
jected to a gre ' | of experimental and theoretical study. The trans ef- 
fect allows the synthesis of many compounds of known configuration,and 
in the hands of Chernyaev el man, Chatt, and others, it has given usa 


new insight into the ti coordinate link. There is not time here 
to discuss the mechanism of the trans directing influence, so we must re 
gretfully pass it with only this brief mention. 

The stereochemistry of the octahedral complexes, in which the coor- 
dination number of the metal ion ts six, is much more complex than that 
of the tetrahedral or planar complexes. For examplk ymplex contain- 

different unidentate groups can exist in_ thirt someric forms. 
ind Hel’n have isolate n ( ymiple yes i this sort, but have 
ionliv a w or the possible : ers [he task blaimime all of 
mn any given case 1s a mo midil vl r most stereochen 
studies of octahedral complexes, w | ec ou complexes 
ining bidentate or polydentat 
\ great deal of attention is now ber | to the kinetics an 
hanisms of the reactions that take pl ( ions. the most 
which are substitution, isomeriz | racemization 
er two are, In some cases examples of s bstitution, but there are m 
reactions in which they are not. The chief question in connection with th 
mechanism of a substitution reaction is whether the in ming donor atom 
iches itself to the metal before or after the escapin | is released 


In the first case, the reaction is of the S,2 type and the intermediate is 


seven coordinate: in the second case, the reaction is of the S,.] lype, mid 


the intermediate is five coordinate. Reactions of both lypes are we ll estab 
lished. Mathieu [12] has shown that the reaction 


cis-|Coen,C1,|"* HO + cis|Coen,(/1,0)CI1|* * C7 


is first order, and that it proceeds without racemization. These data have 


led to the suggestion that the intermediate has the structure 


en 
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and that the incoming water molecule attaches itself along one of the edges 
of the plane shown by heavy lines. A little of the trans isomer of the pro- 
duct is formed, so there must be some attack on the other edge of the basal 
triangle. No reason is yet apparent why a larger proportion of the attack 
does not take place there, or why the intermediate is not of the symmetri- 


cal form 
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Selbin [16] has recently observed th: 
complex, [¢ ren.L.1.|* follows the same 
cobalt compound, but that it 
There is no real ¢ lem 
trigonal bipyramid nav have 
ion [Coen({NO)H,O loes not 
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symmetrical structure (D) are possible. It has been suggested that, in this 
case, the intermediate is a square pyramid: 


~ 


j ~—er 


| 
—— 


en?’ 


( 


ices 


It must not be assumed from these results that the S,1 mechanism is 
general for replacement reactions of octahedral complexes. Whether the 
reaction is of the S,1 type or the Sy2 type depends upon the nature of 
the metal and upon the nature of the attacking and the liberated ligands. 
The importance of the nucleophilic character of the attacking group is 
well illustrated by the work of Brown and Ingold [2] who studied the reac- 


tion 


cis |Coen,Cl,|* X~ —= [Coen.XCl]]* + CI- 


in methanol. When X was OCH,~, N,~, or NO, the reaction was found 
to be second order, but when X~ was Br-, CI, or NO,-, it was first order. 
We cannot be at all sure that the replacement of chloride from [| Plen,Ci,|** 
by water or by radio-chlorine will follow Syl kinetics until the experi- 
ments have been tried. The reaction with radio-chlorine is now being 
studied [17]. 

The racemization of an octahedral complex can take place through 
dissociation, through expansion of the coordinate shell, or by intramolecu- 
lar rearrangement. A dissociation mechanism is well illustrated by the 
racemization of the ¢ris-orthophenanthroline nickel (II) ion, which has 
been reported by Basolo and Pearson {1}. 


Rates of Individual Processes Leading lo Racemization at 25°C. 


Dissociation 


Ea (keal) AS 


limiting rates 
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The racemization of the analagous iron (Il) complex, however, pro- 
ceeds only partially through dissociation, and is accompanied by some 
other (probably intramolecular) process. 

Several investigators have proposed dissociation mechanisius to ac- 
count for the racemization of the fris-oxalato complexes, but Long’s dis- 
covery that [Cr(C,0,),]~*° racemizes without exchange with labelled oxa- 
late ion [18] clearly shows that such a mechanism is not possible in that 
case, at least. The fact that solid A,[{(Cr,0,),|-2H,O racemizes more rapid- 
ly than does the anhydrous salt [19] hints that an eight-coordinate inter- 
mediate may be formed, and that this is racemic, but further evidence is 
needed before a final decision can be reached. 

Both cis-trans rearrangement and racemization can be explained on 


) 


the basis of a simple intramolecular rearrangement, if it is remembered 


that the octahedron is simply a «skewed » triangular prism [19a]. Consider, 


for example, the rearrangement of cis[Coen,X Y|*" into the frans torm. 


If the face of the octahedron cd Y is kept in a fixed position while the 
parallel face ab X is turned clock-wise through 60°, a triangular prism ts 
formed. This should not require a great deal of energy, for if all of the angles 
formed by the donor atom-metal bonds remain equal, they have to change 
only from 90° to 81° 10’. If the bond distances remain constant, the volum« 
of the prism is almost 40 % less than the volume of the octahedron. If 
face ab X turns through another 60°, the trans form of the original complex 


is obtained. 
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may proceed through an analagous mechanism. For 


the complex | 1A),|*", for example, we get 


ak 4c 


complex of ethylenediamine 


hasis of this theory: 


Phere are, unfortunately, some points which this hypothesis does not 
explain. Among these is the evidence that the chelate ring in [Cr(C,0,),]~* 
opens and closes much faster than racemization takes place. This is indi- 
cated by the fact that all twelve of the oxygen atoms in [Cr(C,0,),]*~ ex- 
change with labelled //7,0* at a rate which is greater than the exchange of 
the oxalate with (C,0,*) [20]. Until more is known of the mechanics of 
such exchange reactions, we cannot accurately evaluate this evidence. 

{nother aspect of the stereochemistry of the octahedral complexes 
concerns the stereospecificity of many of their reactions. It has been ob- 
served by many workers that an optically active bidentate ligand, when it 


PROBLEMS IN THE STEREOCHEMISTRY OF CRDINATION COMPOUNDS 173 


enters the coordination sphere of a racemic complex, shows a greater tend- 
ency to react with one antipode than with the other. Thus, Jaeger and 
Blumenthal [21] found that the reaction of racemic trans-cyclopentane- 
diamine with racemic cis[Coen,Cl,|Cl did not give the four possible pro- 
ducts, but only two of them D[ Coen, l-cptn|Ci, and L[{Coen, 
d-cptn|Cl,. The other isomers were evidently too unstable to be isolated 
under the conditions of their experiment. Similarly, it has been observed 
that the diastereoisomers D-[Coen, d-tartrate|* and L-[Coen, d-tartrate]* 
differ strikingly in solubility, reactivity, and stability [22] and that if a 
solution containing both isomers is boiled for some time, L-[Coen, d-tart]* is 
formed at the expense ol D-| Coen, d-tart]* [25]. These effects are only rel- 
ative, and in several cases, all of the possible diastereoisomers have been 
isolated. The best known example, perhaps s the isolation of all eight of 
the possible isomers of cis-[Coen pn(NO,),|* by Werner and Smirnoff [24]. 
hese isomers may be designated by the symbols 


Ddx Lla 
Dds CLA 
Lda 


Digs Lads 


The « and 8 isomers differ in structure only in the position of the methyl 
side chain. We might write, for example 


“ 


Dd« Dds” 


This work has recently been confirmed by Cooley [25] and Liu [26]. The for- 
mer isolated all of the four possible isomers of cis-| Coen iso-butylenediamine 
(NO,).)X, which may be designated as Da, D6, La, 6 and the latter 
isolated all of the four possible isomers of cis | ( (aclive-2.3-butanediamine) 
(NO,).|X, which are Dd, Di, Ld, Ll. He observed, however, that these ar 
not all of equal stability, two of the configurations tending to revert to the 


other two. 


If the complex contains two molecules n optically active, biden- 
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tate ligand, the effect is more pronounced, and it is difficult to isolate 
all of the possible cis isomers which, if «, 8, and y isomerism is disre- 


garded, are 
DddX, LILX, 
DdlX, LalxX, 
DILX, LddX, 


However, both isomers of [Col-pn,CO,]* evidently exist, and in solution 
they are in equilibrium with each other; the equilibrium shifts as the so- 
lution stands, or as the temperature is changed [27]. If the carbonate group 
in the complex is replaced by an optically active anion, one form of this 
anion enters the complex preferentially. It has been possible to effect partial 
resolutions in this way [28]. The effect is quite general, being shown by the 
complexes of a variety of metals attached to a variety of ligands [29]. The 
essential feature is the optical activity of the complex as a whole, for the 


reaction 


D-|Co enta| 6 pn + D-|Codpn,\*** L_enta~* +3 l-pn 


has been shown to effect partial resolution of the propylenediamine [30]. 
In this case, the original complex does not contain an optically active li- 
gand. 

\ striking exception to these generalizations has recently been found 
by Ferrone [31] in his study of the cobalt (III) complexes of stilbenedi- 
amine. He has accumulated evidence which shows that complexes with 
the configurations Dddd, Dill, Lddd, Lill, Dddl and Llld can be isolated. 
In all probability, the other two complexes containing optically active 
diamine (Ddll and Lddl) can also be obtained. Ferrone has also shown 
that complexes containing both dextro and meso stilbenediamine can 
exist. Dwyer 32) has observed similar effects in the behavior of the 
cobalt (I11) compk xes ol propylenediamine. 

We do not vet have an adequate explanation for the stereospecific 
reactions, or the lack of stereospecilicity in some cases. Jaeger advanced 
the opinion that a more symmetrical isomer shows greater stability than 
1 less symmetrica ne. This hypothesis has not vet been adequately 


ested 


in a talk of this sort, complete explanations ol 

ena could be advanced. However, the field of inorgan 
vet progressed to the place where many such 

\ host of challenging problems involving syn- 


interpretation still remains 
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compilation of stability constants. 


In the last few years, Jannik Bjerrum, Gerold Schwarzenbach and I, 


and a number of our co-workers, have been cooperating on a compilation 
[he work was started by Jannik Bjerrum and then 


of stability constants 
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taken over by a commission of the International Union of Pure and Ap- 
plied Chemistry. There was considerable trouble in finding a publisher 
since it was obvious that this was not likely to become a bestseller. Fi- 
nally, the Chemical Society of London promised to publish the tables. 
rhe first part, on complexes with organic ligands, has been the responsi- 
bility of Gerold Schwarzenbach, and is now in print. The second part, on 
complexes with inorganic ligands, has now been completed in manus ript 
by our group in Stockholm. In this lecture we will be concerned chiefly 
with material from this part II 

rhe title « Stability constants » should be taken in a rather broad sense, 
at least for part II. The fact that we ncluded acid-base equilibria is 
only a logical extension. Instead of the dissociation of the acid HF we 
may discuss the formation of complexes between the ligand F ~ and the cen 
tral atom // *. In this case we have at least two mononuclear complexes 


HF and Hi d one binuclear, H,F *. The inclusion of H * complexes is 


| le? 


also conveniet because many of the « ts directivy measured re 
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rule out completely Be,(OH)?* and Be,OH){*, and instead prove that 
Be,(OH)3~* is the predominating complex. By sheer vote of majority, he 
would certainly be voted down; I would personally be much inclined to 
prefer his interpretation, but my situation would be delicate if I had to 
make a choice more or less officially. 

The idea of giving the most recent value would not be a good one. 
The values obtained some 50 years ago are often more likely to be correct 
than some of the values published today. In the old days there were peo- 
ple who took the time to purify their reagents, to analyse their solutions, 
and to repeat their measurements. This race of careful workers (é classi- 
cal scientists » as Wilhelm Ostwald would have called them) still exists, 
but sometimes one gets the pessimistic feeling that the percentage of 
sloppy workers is increasing. 

To sum up, our conclusion was that at the present state of our know- 
ledge, a compilation of all, or practically all, published data would do a 
better service to chemists than an attempt to be critical, which must ne- 
cessarily be very imperfect. Thus we have set as our aim to record faith- 
fully what the others say, even where we have good reasons to think it is 
wrong. This has required a fair amount of the mental process called, in 
Newspeak, doublethink (Orwell 1984). Only rarely, we have deliberately 
excluded a literature constant or a statement on the existence of a certain 
complex, and then only when we thought the exclusion to be a favor to 
the author. 

Since not even the formulas of the species formed are always settJed, 
it has been thought convenient to quote qualitative or semi-quantitative 
evidence for the existence of certain complexes. 

In the inorganic part, I have made it a point to check, wherever pos- 
sible, the original paper, which has given me cause to look through cer- 
tainly more than 2000 articles, and to read many of them carefully. This 
has taken considerable time, but may have given me some view of the 
field. (It goes without saying that Part II must still have many mistakes 
and omissions). 

Let us first look at a few lines from the tables, for the ligand thiocya- 
nate, SCN: 


Central 
atom Method t°C Medium Log of equilibrium constant 


H* cond 25 EIOH K, 4.35 in EtOH, no cpx in H,0 
gl 25 O corr K, 0.85 
gl 25 var no ev cpx 


In the reference list we find: 


1. D. M. Murray-Rust and H. Hart.ey, « Proc. Roy Soc. +, A126, 84 (1929). 
2. T. Suzuxi and H. HaGisawa, « Bull Inst Phys Chem Res. Tokyo », 21, 601 (1942). 
3. M. Gorman and J. Connecti, «J. Amer. Chem. Soc. », 69, 2063 (1947). 


STABILITY CONSTANTS 


Central 
atom Method Medium Log of equilibrium contant Ref 
Cr** anal, cond 50 var K, 2.52, K, 1.24 K, 0.66 8,9 
K, 0.29 K,-0.09 K,-0.39 
90 O.corr AK, 3.1 K, 1.7 is I. 8 ,.9c 10 
K, 0. \5-0.7 
In the reference list we find: 


8. N. Bsernrnum, Kgl danske Videnskab Selskab Skrifter, mat-n Afdel, 12, 4 (1915). 
9. N. Bsernrum, « Z. anorg. Chem. », 119, 179 (1921) 
10. N. Bsernrum, « Ergebn exakt -Naturwiss », 5, 125 (1926) 


The logarithms of the equilibrium constants are given; thus « K, 1.24 » 
means log K, = 1.24. We shall use this notation throughout, for brevity. 

We have found only three papers on H*. The question whether the 
complex HSCN exists in appreciable amounts in aqueous solution or not 
seems controversial ; the conductivity data in ref. (1) and the glass elec- 
trode work in ref. (3) give no evidence for a complex (cpx) whereas ref (2) 
leads to a definite equilibrium constant («0 corr» means corrected to 
infinite dilution, in water). At any rate, the complex is weak (the acid 
HSCN is strong). 

The data for Cr** are of course from the classical work of Niels Bjer- 
rum, using analytical and conductivity methods. Six more references on 
Cr** follow. 

It is sometimes really difficult to find out, from a certain paper, the 
simple information about method, temperature and medium. Here is a 


plea to authors: please state your temperature, and if you cannot afford 
a termostat, please state the average room temperature during the expe- 
riments; it is hard to guess the local habits in Moscow, New Orleans or 
Paris. It would also be fine if those who measure equilibrium constants 
would give their preferred values at some place where they are casily found, 
for instance in the summary. 


HISTORICAL. 


Most of the present-day methods for studying ionic equilibria in 
aqueous solution were introduced before or around 1900. The conductivity 
method was applied by Wilhelm Ostwald (1888) to the protolysis of acids by 
Bredig (1894) to the protolysis of bases, and by Kohlrausch (1893) to solu- 
bilities. The em{ method for measuring individual metal ion concentrations 
was introduced by Nernst (1889) and applied by Goodwin (1894) for mea- 
suring solubility products. Its application to complex formation equili- 
bria started around 1901 with work by Bodlander and co-workers on Ag * 


and Cu+ complexes, and by Luther, Abegg and co-workers on Hg** com- 
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plexes. Euler (1903) used emf:s to study complexes of N//, and CN ~ with 
Aq*, Zn** and Ca*”. 

The kinelic method for measuring [// *] was introduced by Arrhenius 
(1889), and the distribution method was applied to Hg~*-halide complexes 
by Abegg and co-workers (Morse 1902, Sherrill 1903). Solubility measure- 
ments were applied by Morse (1902) to H/qg~~*-halide equilibria, and by Bod- 
lander and Fittig (1902) to Ag*-NH, equilibria. 

The only major present-day method which still had to wait a few 
decades for the development of instruments was the spectrophotometric 
method. 

Stepwise formation of complexes was first proved for Hg*®*, HgCi*, 
HgCl,, HgCl,;~ (HgCl,~—) by Abegg’s co-workers, Morse and Sherrill, in 1902- 
03. In 1915 followed Niels Bjerrum’s work on Cr**+-SCN~ complexes; since 
the reactions are slow, he could let the equilibria establish themselves at 
high temperature and then freeze them and analyse the solution. In this 
way, Niels Bjerrum was able to obtain independently the formation 
constants for six consecutive complexes, a record which I think still holds. 
In his work on Cr** hydrolysis, in 1906-08, Niels Bjerrum also met with 
and treated a few cases of polynuclear complex formation. 

Bodlander, in the all too few years he was allowed to work, invented 
the method that has obtained his name (1901), for finding the composi- 
tion of the predominant complex in a solution from emf data, and applied 


+ 


it to numerous complexes of Ag* and Cu *. Bodlander also introduced the 
idea of the ionic medium in 1904; it was first applied in a paper of Gross- 
mann (1905), after Bodlander’s death, and seems then to have been forgot- 
ten for a long time. 

In general, the complexity constants found by these workers do not 
differ very much from those that are found in careful work today. 

Thus is seems that most of the basic methods and concepts for treating 
complex formation equilibria were known already 50 years ago. It is hard to 
escape the feeling that there was rather a decline than an evolution in this 
field in the twenties and early thirties. Sometimes I wonder if this was 
not a side effect of the successes of the Lewis concept of activity, and the 
Debye-Hiickel theory of electrostatic ion interaction. For a while, chemists 
became used to thinking of most electrolytes as completely dissociated into 


ions, and to ascribe all deviations from ideal behavior to non-specific elec- 


trostatic effects. And there was a period when, in many of the best schools 
of physical chemistry, the only equilibrium constants that were thought 
worthwhile determining were those for infinite dilution. 

Now, when one has just one simple equilibrium like 


AgC\(s) =” Ag*t + Cl-, H+ + OH- =~ H,O, NH, + H+ => NH¢ 


e 
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one may often rather easily measure this equilibrium by emf or conductance 


methods, and make a reasonable extrapolation of the equilibrium constant 
to infinite dilution. The same is true even when there are several reaction 
steps, which are well separated, such as the equilibria between H,P0,, 
H,PO,;-, HPO,~, and PO} ~. The equilibrium constants differ so very much 
(2.1, 7.2, 12.3) that each step may be studied separately, and the constant 
extrapolated. 

For many other systems with complex formation, the position is much 
less favorable. Very often, it is hard to separate one equilibrium from the 
other, since the consecutive formation constants are so close that there are 
in general appreciable amounts of three or more complexes present. Mo- 
reover, weak complexes cannot be studied at too low ionic strength. For 
instance, to build up HgCl~ or CdCl,~ in appreciable amounts, one has to 
have a chloride concentration of the order of 0.1-1 M. Another complica- 
tion is the hydrolysis of some metal ions: if one wants to study the beha- 
vior of, say, Hg**, one has to have an acidity of at least 10 mM, preferably 
more, to inhibit the hydrolysis. Ions like Bi** and T/** require still higher 
acidities. 

Since a number of complex systems were thus not fit for the calcula- 
tion of K° values, they were neglected for some time. 

Even during this period some accurate work on complex formation 
was going on such as the work in Scandinavia of Milda Prytz (1928) on 
Sn**-Cl— and Br* complexes, of Jannik Bjerrum on Cu**-NH, complexes 
from 1931-32, and of Max Miller (1937) on Fe**-SCN ~. With the unchar- 
ged ligand NH, the activity coefficients should largely cancel out. Those 
who studied anion systems tried to make some reasonable guesses about 
the activity coefficients, or just neglected them. 

A very important paper was Elis Giintelberg’s dissertation in Copen- 
hagen in 1938. The influence it had, has not been quite understood abroad, 
and it is not quoted nearly as much as it deserves, because Giintelberg fol- 
lowed the unfortunate earlier Scandinavian habit of publishing disserta- 
tions in a Scandinavian language, in this case Danish. Giintelberg set as 
his aim to study a very simple reaction 

Pe* + Ci = PeCcl* 
by emf methods, and to find its equilibrium constant at infinite dilution. 
The case would seem rather favorable: only one complex is formed, and 
one can use both Ag-AgCl and Pb-Hg electrodes, which are capable of high 
accuracy. 

Giintelberg had some initial trouble. He found out, the hard way, 
that Br- is a poison to AgCl: it creeps into it and forms a solid solution, 
so that one Br in 10000 Cl~ may change the emf by as much as 0.5 mV. 
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When he got this and other experimental errors under control, he made a 
series of emf measurements to * 0.01 mV and tried to extrapolate his re- 
sults to zero ionic strength. 

The result was disappointing, in spite of all accuracy in the data. By 
using different equations for the activity coefficients, he obtained values 
for log K° ranging from 1.0 to 1.5. Although Giintelberg considers that the 
true value is probably between 1.40 and 1.44, his general conclusion is 
that we still know too little about activity coefficients to be able to make 
a reliable extrapolation to zero, at least for equilibrium constants as small 
as this one. 

One may then ask: if it is so hard to get K° for a single complex like 
PbCI*, what hope is there of getting accurate K° values in more complica- 
ted systems, where several equilibria interact, and where even the formu- 
las of the species present may not be known with certainty. 

Ido Leden (1941-43), in his work on Cd** complexes, very explicitly 
drew this conclusion from Giintelberg’s work. He decided to use consistently 
a constant ionic medium, 3 M NaCl0,, in order to keep the activity fac- 
tors constant. Then emf measurements with Cd amalgam give the concen- 
tration of free Cd°* ions, and the law of mass action can be applied direct- 
ly, using concentrations for activities. By analysing such data one may 
find the equilibrium constants for the several species formed, in 3 M 
NaClO,, and the distribution of Cd over these complexes at various ligand 
concentrations. 

By this plan of the work, Leden omitted finding the K° and set the 
more modest but also more fundamental aim to find out which species are 
really present in the solution. 


THREE REQUIREMENTS. 


It is really hard to separate: 1) the problem of measuring complex 
formation constants from; 2) the problem of which species are present. If 
one assumes an incorrect set of reactions, the «equilibrium constants » 
obtained are of no significance. For instance, several attempts have been 
made to discuss tables of acidity constants for cations, assuming that the 
acidity is always due to the Brénsted reaction MOH, — MOH + H* 
(1928). However, many of the « acidity constants » for such reactions have 
been calculated from pH in solutions, where the main reaction is really 
the formation of a polynuclear complex, and so the constants cannot be 
correct. Trying to explain them theoretically would be a wasted effort. 

On the other hand several complexes, such as CuNH,(H,0);*, and 


Fe(OH); *, have as far as I know never been isolated, for instance in cry- 


stals, and the strongest proof for their existence is that equilibrium data 
may be explained by giving a definite value to their formation constant. 
If one wants to find out by equilibrium studies which species are pre- 
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sent in a certain system, there are in my opinion three necessary require- 
ments: 
Constant ionic medium (to keep the activity coefficients constant) 
As high accuracy as possible 


As broad range of concentrations as possible. 


THE IONIC MEDIUM METHOD. 


The ionic medium method is not very new; it seems to have been pro- 


posed by Gustav Bodlander some time before his death in 1904, and one 
of his students, Grossmann, published a paper in 1905 where he studied the 
complex formation between Hg** and SCN ~, and added K * and NO,~ in 
such quantities as to keep [K*] 1 M. A long time then elapsed before 
the method was again used consistently for studying complex equilibria. 
Bronsted (1915-27) did some fundamental work to show that activity coef- 
ficients are constant in concentrated salt solutions, but did not apply this 
to any complicated equilibrium system. Kolthoff and Bosch, N. Bjerrum 
and Unmack, and Sihvonen in the late twenties studied the dissociation of 
polyprotic acids at various constant ionic strengths, which aided the de- 
termination of the separate acidity constants. However, it must be noted 
that there was no doubt about the species formed, and that the ionic 
strengths were rather low (0.1 or less), to make it easier to extrapolate to 
infinite dilution. (For the history, see Biedermann and Sillén 1953). 

In later years, the ionic medium method (especially with NaCl0,) has 
been used extensively for studying complicated equilibrium systems. So- 
metimes the objection is raised, that one does not know to what extent 
ClO, forms complexes with the central atom studied. There is really some 
evidence for the formation of perchlorate complexes with ions like F« 
and Hg,*. 

This is, admittedly, a limitation which one has to take in exchange 
for the advantage that only by using an ionic medium it is at all possible 
to disentangle complicated equilibrium systems. 

It is common knowledge that equilibrium measurements in dilute so- 
lution cannot be used to distinguish between species that contain various 
amounts of the solvent. For instance, one cannot find from equilibrium 
data alone whether the borate ion of charge -1 is BO,~, H,BO,~, or B(OH), 
In such cases one uses some conventional formula, which sometimes (but 
not always) has some justification from structural data. 

Sometimes one uses a formula with as little water as possible. When 
we write [Na*] or [H *] we really mean 


«{Na*] = [Na(H,0)+], «fH *} o [H.,., 0%] 
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If one uses an ionic medium, say Na*C/0O,-, one cannot distinguish be- 


tween species that contain various amounts of the ionic medium ions. For 


instance, if results are reported, with a NaClO, medium, for the species 
Cu(NH,),*, or Fe,{OH),*, they should be understood to mean the sum of 


all species with various amounts ol solvent and ionic medium ions: 


[Cu(NH,); * | SEE [Cu(NH,),( 1,0) (Na *) (ClO), *” 


| Fe(OH)s *] TIE [Fe(OH)(H,0)(Na~*) (ClO, ): ** 


Some consequences of this are not always understood. Suppose that 
one wants to measure the complex formation Hg**-NH, and uses pH mea- 
surements in NH,NO, of constant concentration. The quantity which one 
would write as «|[Hg(NH,); ~|» then really includes the whole group of spe- 
cies Hg(NH,)(H,0)(NH,")(NO,),. By choosing z = 0, and (2, y) = (2,-2), 
(1,-1), or (0,-1), we find that Hg(OH),, HgNH,OH* and HgNH,* would 
all be included in this group of complexes, and that it is not possible to 
distinguish between NH, and OH ~ complexes, or between (NH,), andNH, 
complexes. The information about the composition of this species that one 
could get from measurements with this single ionic medium might be de- 
scribed as Hq** (H*) 

Of course one may make a decision in this case by also studying other 
ionic media (e.g. replacing some NH,” by K *), and comparing the equili- 
brium constants one gets. 

If one wants to know wheter the ionic medium ions are important or 
not, it is a good and useful check to exchange the ionic medium comple- 
tely. To take an example, in studies of the hydrolysis of UO} *, the Stock- 
holm group has found that the data for a wide range of total UO; * concen- 
trations behave as if the predominating complexes in the solution had the 
formula UO ~((OH),UO,), *. The same behavior is obtained, whether one 
uses A.NO,, Na,SO,, NaCl, or NaClO, as ionic medium, which would in- 
dicate that, although there may certainly be association of the anions with 
both UO,* and the UO,-OH complexes, the central framework of the com- 
plexes, UO.((OH),UO,), *, is the same in all these media. 


RELIABILITY OF COMPLEXITY CONSTANTS. 


One may sometimes be afflicted by doubt and ask whether the com- 
plexity constants one gets, by formally applying the law of mass action, 
really correspond to species in the solution or whether one is perhaps mis- 
interpreting an effect due to some very different cause. One may remem- 
ber the time, about 50 years ago, when physical chemists tried to use con- 
ductance data and freezing-point measurements to determine the degree 
of dissociation, and the dissociation constants, of HCl and KCl. As we now 
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know, what one measured was however not the formation of molecules HCl 
or KCl, but the effect of electrostatic interaction between the ions. 
Doubts of this type have led to attempts to measure the same equi- 


librium constants in several independent ways. For instance, Jannik Bjer- 


rum studied Cu* *-NH, complexes in a number of ways: 


p(N Hs) ftsce oe 2 NH,NO, AK, 4.31, AK, 3.67, K, 3.04 1931 
K, 2.30,(K, -0.46), 8, 13.32 

sp 7 ied eae ee 3-2: corr K, -0.49(15°), -0.60(25°) 1932 

eS ee 2 NH,NO, 8, 13.34, K, -0.45 1934 
gl oa ae 2 NH,NO, , 4.15, K, 3.50, K, 2.89 

13, 8, 12.67 1941 


Even if the temperatures are not quite the same, the constants come 
out with the same order of magnitude. 

Ido Leden in 1941-43 found that the constants for Cd*~*-J~ comple- 
xes, obtained with Cd-Hg amalgam could also explain his measurements 
with Ag-Agl electrodes on the free iodide concentration. 

[wo more examples are the Cu~*-NO,~ complexes (Fronaeus 1951) ; 


ql j ee \(NaClO) Ky, 1.23, AK, 0.25 


sp —. 2. se WNaClOy) K, 1.: 


and the UOQ;*-SO{~ complexes (Ahrland 1951) 
qh , 20 \(NaClO,) K, 1.70, K, 0.84, K, 0.86 


sp a oa 20) l(NaClO, A, 1.73, Ky, 0.90 


The Cd**-Cl~ complexes have been measured by four different authors 
under the same conditions: 
Cd-Ilq — 29 ANaClOY : ' . A, 0.18 Leden 1941-43 
sol > 30NaCI0,) 39, 0.79, AK, 0.21 King 1949 
pol .. 2d HNaCIO) Ky 1.54, 0.52, A, 0.40 Eriksson 1953 


Cd-Ilq 25 3¢NaCl0,) :, K, 0.09 Vanderzee 


Dawson 1953 


Since results of the same order of magnitude are obtained by several 
careiul workers with very different methods, it seems reasonable to assume 
that one is measuring something real. However, even with rather good 


workers, the accuracy of the individual constants is perhaps not more than 
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+ 0.1 or even +0.2 in the logarithms. (Some authors give very optimi- 
stic limits of error, which is one reason why limits of error have been left 


out completely in our tables). 

For Cd**-Cl-, the agreement between the § values is satisfactory 
(8, = Ky, Bs Ki, Ky, 8 K,K, Ks), but it seems that, with the pre- 
sent accuracy, the ratios between the consecutive constants K,/A, and 


K,/K, cannot bear any detailed analysis: 
K,/K, K,/K, Author 
0.95 0.46 Leden 1943 
0.60 0.58 King 1949 
1.02 0.12 Eriksson 1953 


0.88 0.57 Vanderzee-Dawson 1953 


Perhaps the accuracy of the present data does not permit the indepen- 
dent determination of more than two unknown constants, say an average 
constant as 14 log 8, and one constant giving the spread of the individual 
constants, e g assuming as an approsimation K,/K, = K,/K, (cf Dyrssen 
and Sillén 1953). 

From the variation of the K, between O and 50° values for AH and 
AS have been calculated. The deviations are still greater: 


K 1949: AH, = 0.63, AH, = -1.73, AH, = 5.73, AH,_, 1.63 
VD 1953: AH, = 0.05, AH, 0.70, AH, =: AH,_; = 2.84 


K 1949: AS, 8.9, AS, 2.1, AS, AS, +: 26.5 
VD 1953: AS, 6.9 , AS, 2.3, AS, 9 AS,_; 20.1 


It does not seem promising to squeeze too much theory out of these 
figures. If one wants accurate values for AH and AS, one would proba- 
bly have to turn over to direct calorimetric measurements. In Stockholm 
we are now trying to adapt a titration technique to accurate calorimetric 
measurements. If this is successful, we may gain both speed and accuracy. 

The authors quoted above were very accurate workers. Let us take 


data from a few others, also from the tables: 


pol os & ar 3. oS B > K MB 1951 
pol ee ar kK, 2.19, A, 0.28, 8, 2.59 VP 1951 
The first group of authors thus explained their data by assuming that 


the only existing complexes are CdCl,~, CdCl{—, and CdCl-. The second group 
assumed instead CdCl~, CdCl,, and CdCl} ~~, which goes to show that if the 
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data are not very accurate, they may be explained using several different 
sets of species. 

There are some cases where a gross disagreement is observed among 
different methods. A very carefully studied example is the complex for- 
mation Cd**-SO{~ (Leden 1952, Fronaeus 1954): 


Cd-Hq ~ »« 20 SXNaClO,) K, 0.90, K, 0.10? K, 2.04? Leden 1952 
ant ex — 2 Na,SO, no ev neg cpx 
Ag .... 20 3(NaClO, K, 0.85, no ev ani cpx 


antex ... 20 var ev neg cpx, 6, ~1, 6;«2 Fronaeus 1954 


If the cadmium amlgam measurements had been taken at their face 
value, one would have concluded that there are complexes CdSO,, Cd( SO,); 
and Cd (SO,)}~. However, since Leden’s anion exchange data did not 
reveal any anionic complexes, there weve good reasons to doubt this 
result. Leden added some Ag ions to the solution and measured the 
potential of a silver electrode: sinee the complex formation constants for 
Ag*-SO;~ in this medium are known, the Ag potential gives a measure 
of the SO;~ concentration. 

The first complex, CdSO,, could be studied already at SO{~ concen- 
trations less than 0.06 M; here the results with Cd-Hg and Ag electrodes 
agree -wery well. At higher [SO{~] it seemed however that much less SO; 
had been bound by the Cd** than one would expect from the Cd-Hg data, 
so there was no need to assume higher complexes. Even if Fronaeus’ work 
(1954) indicated some formation of anioni complexes, their concentra 
tion must be much lower than indicated by the Cd-Hg data. 

The explanation, according to Ido Leden, must be that the activity 
factors have varied since the change in ionic medium has been too great: 
at the largest SO;~ concentrations studied, 0.5 M Na*,SO;~ has been sub- 
stituted for 1.0 M Na *ClO,-, or for 1.5 M Na*ClO,~ (depending on whether 
the Na* concentration or the formal ionic strength was kept constant). 

rhis may be a warning not to make too great substitutions in the 1o- 
nic medium. 


EXPERIMENTAL METHODS. 


Let us now consider our requirements nr 2 and 3, high accuracy and 
broad range of concentrations, and see how ‘hey apply to the various expe- 
rimental methods that have been used for determining the formulas of 


complexes and their formation constants. These methods may in general 


be divided into three groups: 
I. The concentration of an individual species, ¢, ¢: > mea- 
sured by emf methods (Aq*, Zn-*, Fe Cl~, H~* ete), by polaro- 
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graphy, by vapor pressure (NH;, CO,, HCN), by distribution methods 


(HgCl,, Th(TTA), 1). 


II. The sum of the concentrations of all species present, Xe,, can be 
measured from changes in the freezing-point, boiling-point, or vapor pres- 
sure of the solvent. In this group of methods one may also use a constant 
ionic medium, e g by studying the change in the eutectic point ANO,-ice, 
or in the transition point for Na,SO,. 

III. In general, one gets a function, Sy,c,, where y; is an individual 
constant for species nr i, and c, is its concentration, when studying the con- 
ductance or the magnetic susceptibility of a solution, or the A // of reaction. 

Especially in groups / and /// it is often convenient to add a third 
reagent, which will react with M and L, but which will more easily than 
they be measured e g by optical or emf methods. An example is the addi- 
tion of Ag~* in the Cd**-SO{~ system referred to above. 

Methods of group III are often convenient when there is a single re- 
ction to study, like the dissociation of an acid by conductance methods. 
There are then only two constants to determine, the equilibrium constant 
and the equivalent conductance of the ion pair, which may be determined 
separately. However, if one has a system with consecutive complex for- 
mation, one would have to determine twice as many unknown constants as 
if one used methods I and II, and I do not know of any successful attempt 
to disentangle such a complex equilibrium by conductance methods only. 

The methods in group II, in general, are not accurate over very wide 
ranges of concentration, whereas the emf method in group I gives a lo- 
garithmic response and a good relative accuracy, sometimes (as for Ag and 
Hg) over 20 and more units in the logarithm of the concentration. 

Solubility measurements are limited by the fact that in saturated solu- 
tions there is only one degree of freedom in the concentrations of the rea- 
gents, whereas using unsaturated solutions there are two. Solubility mea- 
surements cannot tell whether the complexes formed are mono- or poly- 
nuclear. For instance, if the solubility of Ag/ in I~ solutions is expressed 
as a polynomial h {I ke ’ k,| 1 ' k, [/ ? etc, then the [/ |? 
term stands for the sum of the concentrations of all complexes Agqg,J> .3 
igl,~, Agyl,~, Ag.l;~, Ag,l;~. .. However, a combination of emf and solu- 
bility measurements has proved very effective in this system (Leden 1956). 

The spectrophotometric method rather belongs to group III, though 
one has the advantage of knowing the measured function, the absorbancy, 
over a range of wave-lengths, which adds one dimension to the information 
one gets. Spectrophotometric measurements seem capable of giving the 
equilibrium constants for a series of mononuclear complexes with fair ac- 
curacy, but do not seem to suffice as the only method of attacking systems 


with polynuclear species. 
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[ have been rather impressed by the case of the hydrolysis of Fe**. 
As is well known, according to Brénsted, the F% ion would act as an acid: 
Fe** + H,O ~* FeOH*~ + H*. Many attempts have been made to study 
this reaction, by spectrophotometric and magnetic measurements, and by 
not too accurate pH measurements. If care is taken not to vary the con- 
centration range too much, one may get an apparently constant « equili- 
brium constant » for this reaction; however, experiments at different Fe!” 
concentrations gave different values of the « equilibrium constant », which 
indicated that other complexes must be formed, probably polynuclear Fe, 


(OH),*—*. The formula for the complex was not known until Bengt Hed- 


strom (1953) in Stockholm made a very careful investigation with emf 
methods (glass and redox electrodes) at 25°C in 3 M NaClo, His data 
showed conclusively, that the main product is Fe,(OH),*, at least at mo- 
derate Fe concentrations. The « Brénsted » complexes FeOQH~* and Fe(OH), 
become important only at low concentrations 

Once the formula of the complex was known, and approximate values 
for the equilibrium constant, it was possible to make sense of optical and 
magnetic data, and to use such data to calculate the equilibrium constants 
under various conditions. However, I have got the impression that it was 
not possible, from such data alone, to deduce conclusively the values for 2 
and y in Fe{Ol),. 

This is not to say that spectrophotometric methods are not superior 
in certain cases, for instance to find a strongly colored complex of a 
a very low concentration. 

When we work on hydrolysis equilibria in Stockholm, our emf data 
in general lead us to definite formulas for the complexes formed: they are 
often polynuclear and sometimes look rather unfamiliar, like Sn,(O/1); 
Be, (OH), *, Bi,O} ~. Whenever we can, se several emf methods, and 
it is satisfactory that various methods give the same formulas for the com- 
plexes, and the same equilibrium constants. Other equilibrium measure- 
ments, such as distribution measurements, can sometimes also be used to 
support the conclusions from emf work. However, we would like to have 
some independent method to check the for is of the species in solution 
One possible way, for the heaviest atoms, wo » X-ray diffraction of 
the solutions; however it requires somewhat! oh concentrations of the 
species. 

One might of course apply spectrophotometric methods, conductance 
measurements etc, but their results are like to be compatible with seve- 
ral mechanisms so they could not be used as an independent proof, even 
if they agree with the conclusions from emf! data 

There is a real need in solution chemistry for a new « finger-print » me- 
thod, to prove independently the existence of the individual species. Ra- 


man spectra would be ideal, if they were only about one million times stron- 
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ger. Then each individual complex would give, as its finger-print, a speci- 
fic pattern of lines, well distinguished from those of other complexes, with 
intensity proportional to its concentration. By analysis of such data, at 
various concentrations of the reagents, it would not be hard to deduce the 
formula of the species corresponding to each finger-print, and the equili- 
brium constants for its formation. 

Perhaps it will be possible to increase the intensity of Raman lines, 
or perhaps some other finger-print method will appear in the future. 

There are a few methods which I must admit I look at with suspicion. 

The «method of continuous variation » is good if there is only one 
complex formed and it is not too strong. If there are several complexes, 
the method all too often leads to errors, and for strong complexes the 
accuracy of the equilibrium constants is low. 

The method of dialysis has often led to rather surprising results. Ac- 
cording to von Kiss and von Acs (1941), just by changing the membrane it 
is possible to get very different answers about the formula of the complex. 
It seems that the diffusion of ions through a membrane depends not only 
on the molecular weight of the ions, but also on the charge of the mem- 
brane. 

There are some workers who measure the change in various physical 
quantities during a titration: surface tension, temperature, conductance 
etc, and from the breaks in the curve deduce the existence of complexes. 
In this way it is possible to find the old, well-known complexes like 
Cu(NH,),*, Ag(CN),~. However, when such methods claim to reveal com- 
plexes which have not been found in other ways, there are reasons to be 
very sceptical. 

METHODS OF CALCULATING. 


The methods of calculating are also very important. It is all too easy 
to deceive oneself on the real accuracy of one’s data, if one sticks to one 
single method of computation. Many authors fail to imagine the wide 
range of values for the equilibrium constants that would still give an ac- 
ceptable fit with their data. To avoid self-deception one should in general 
try at least two independent methods, as different as possible, to find the 
equilibrium constants. I have a certain weakness for methods of curve- 
fitting, but shall not discuss them here. (See Sillén 1956). 


RANGE OF CONCENTRATION. 


Our third requirement, that of a broad range of concentration, is per- 
haps what is most often sinned against. When mononuclear complexes 
are studied, a too narrow range of ligand concentration may lead one to 


conclude on the wrong main complex, or miss the step-wise formation of 


STABILITY CONSTANTS 191 


complexes, and the negligence of varying the metal ion concentration suffi- 
ciently has often been the reason why polynuclear complexes have been 
missed. 

1 would like to discuss briefly one example where the importance of 
a broad concentration range is apparent, namely Ake Olin’s recent work 


20 


-0,5 (og [H*] O 


Fic. 1 Hydrolysis of Bi 3 + (Ake Olin). Vertical coordinate: log({ Bil//)/| Bi 3 ) r,. Horizontal coor- 
dinate: log h log |i The points are experiment vy determined, for various total Bi concen- 


trations; the curves are Calculated with the mechanism aiven in the text 


on the hydrolysis of Bi** (25°C, 3 M(Na)CIO,). Fig. 1 gives Ake Olin’s 
data. On the horizontal axis is plotted log h (h |/7*]). The quantity on 
the vertical axis is y log(| Bi}jua: /{Bi°*],,..); it was measured with Bi 
amalgam for total Bi concentrations from 0.1 mM to 50 mM, thus over a 
concentration range of 1 : 500. 

In the most acidic solutions, 4 is close to zero, which means that prac- 
tically all bismuth is present as free Bi**. At the top of the curves, » = 2, 
which means that only 1 °, of the bismuth is present as Bi '+ whereas the 
remainder is present as hydrolysed forms. 

In the upper range, the points for different concentrations lie on pa- 
rallel curves. From the spacing one may calculate that the predomina- 
ting complex or complexes must be of the form Bi((OH),,Bi),, and the 
shape of the curves indicates that there is only one complex, with n 2 
thus Bi,(OH){,* or Bi,O§*. 

Some of you may remember that the hydrolysis of Bi** was studied 
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by Fredrik Granér and myself about ten years ago, and that we then, from 
similar data, drew the conclusion that there is a series of complexes of the 
form Bi((OH),,Bi),. Even then the experimental data seemed to fit the 
calculated curves very well, and it is fair to ask how the factor has now 
changed from 2.0 to 2.4. 

Firstly, the early data covered a much smaller concentration range, 
10 to 50 mM, thus a ratio of 1 : 5 as compared with 1 : 500 now. Even so, 
the difference between 2.0 and 2.4 would have shown up very clearly in 
the spacing between the curves if it had not been for one experimental 
source of error of which neither we nor anybody else as then aware. When 
we calculated the correction for the liquid junction potential, we used mea- 
surements with a quinhydrone electrode versus a reference electrode. For 


such a cell (at 25°C) 


[Q] 
[OH,| 


29.58 log 59.16 log 


When quinhydrone is disso! | in the solution, the concentrations of 
quinone (Q) and of hydroquinone (QH,) are equal, so that the second term 
disappears. It is well-known that QH, is an acid; the formation of QH 
is one reason for the deviations of the quinhydrone electrode at high pi. 
What we had to find the hard way is that 0 is a base, which can attract 

proton to torm OH OC,H,OH~. At the highest acidities used, this 
ecreases the concentration of free Q, and causes an error in the calcul- 

E, of up to 1.0 mV. This unexpected error sufficed to shift the curves 
ch that the distance between them apparently correspondend to a 

2.0 in the formula. 


When later on Ake Olin repeated the data over a broader concentra- 


tion range, he found that something must be wrong, and the deviations we- 
re traced down to the basicity of 0, which was studied separately by Geor- 


{ sledermann 


In the lower end of the diagram, the experimental points no more li 
on parallel curves but coincide to a single curve, which has a shape indica- 
ting the single complex BiOll rhe curves in the diagram were calcula 
ted assuming onlv the two complexes BiOll and Bi,O, ~, with the equi- 


librium constants 


HO ~~ BiOH 
6 Bi 6 1,0 > Bi,O 12 H 
The agreement is as good as one could wish, and extends even to hi- 


gher values of ». So there is no need to assume that there is any more 


complex in appreciable quantities in this concentration range. 
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STEP-WISE FORMATION OF COMPLEXES. 


One would expect that a complex with 6 Bi would not form in one 


process but there would be intermediate complexes with, say, 2 or 3 Bi. 


However, the concentrations of these intermediates seem to be too low to 
show up in the data. 

Chis raises the question on the step-wise formation of complexes. In 
the hydrolysis of UO, *, the data certainly indicate the formation of a se- 
ries of polynuclear complexes: (UO,), (OH), ~, (UO,), (OH), * etc; similarly 
for Sc**, Th**, In*®* and others. On the other hand for Bi one special 
polynuclear complex seems to be formed at once, without appreciable con- 
centrations of the intermediate steps. Other examples are the first step 
in the hydrolysis of VO,*, studied by Francis and Hazel Rossotti in Stock- 
holm (1956): 


10 VO, 8 H,O = Vy~0.H: iJ log K 


(25°C, 3M NaClo,) 


and the first reaction in the acidification of MoO,~, studied by Yukiyoshi 
Sasaki in Stockholm: 


7 MoO, 8S H ae Mo,0%, HO log K 57.6 


In both cases the concentrations of the intermediate complexes seem 
to be so low, that they escape detection 

With mononuclear complexes one may observe very different ranges 
of the intermediate complexes. To take two different acids, in H,PO, the 


100; 
% 


Hg(OH), 


0 > 4 6 ) 


Fic. 2 Distribution of P? and Hall over different species tions of various p//. For each pH, one 
may draw a vertical line; the sections of this line that fa 1 the fleld« of each species are pro 
tional to the amount of that species present at equilibriur vr instance, at pif 3.0, we have 12 


H,PO, and 88 H,PO, - at the same pH we have 59 » oe HagOli +, and 29 HgiOH), 


13 
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existence range of the intermediate complexes, H,PO,- and HPO, ina 
diagram log h versus mole percent, is something like 5 logarithmic units 
(Fig 2b). For the acid Hg(OH,);*, the existence range of the intermediate 
complex, /qgOH *, is very narrow (Fig. 2a); in this case, incidentally, the se- 
cond dissociation constant is larger than the first one. (Hietanen and Sil- 
lén 1952). We may see the same difference in breadth, in Jannik Bjer- 
rum’s diagrams on NH, complexes (1941), comparing the broad range of 
Hg(NH,);* with the very narrow range of AgNH, 

It is very possible that there are systems where the ranges of some in- 
termediate complexes are so narrow that they could not be detectéd by 


present-day equilibrium methods. However, it may be fair to guess that 


this is rather an exception than a rule, and that in most cases in litera- 
ture, where an author has picked out a few of the possible series of com- 
plexes (such as CdCl~™, CdCl,, and CdCli—) a more accurate search would 


reveal the whole series. 
CONCLUSION. 


In conclusion I wish to repeat once more that the first question which 
must be solved before one tries to determine the equilibrium constants is 
which complexes really do occur. 

If a fundamental treatment of the consecutive formation constants is 
to be worthwhile, one would wish in the future some very careful work in 
many of the old, well-known systems, including good calorimetric measu- 
rements. There are other systems where surprisingly little is known about 
the species in solution, and where the first task will be to ascertain what 
they are. For instance, much remains to be learned about hydroxo- and 
thio-complexes. 

It would be profitable if chemists would refrain from publishing sloppy 
work on systems for which there are already more accurate data. 

The future development of our branch of science will certainly inclu- 
de theoretical explanations of the stability constants for various comple- 
xes, and will finally enable chemists to predict, with some accuracy, sta- 
bility constants of hitherto unknown complexes. Thus there will be much 
work for theoretical chemists, and for chemical physicists. However, be- 
fore they are through with their work I am afraid there will still have to 
be much hard and diligent work by experimental chemists. 
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Polarography of metal complexes 


Introductory lecture 


GUIDO SARTORI 


Istituto Chimico dell’Universita di Trieste Italia 


Summary: The possibilities of the polarographic method in the study of complexes 
in solution are discussed either when reduction follows the dissociation or when the com- 


plex is the reducible entity 


The study of complex ions in solution by the polarographyc method 
started already thirty years ago with the classical work of Heyrovsky in 
1927. 

Since then both theory and experimental methods have developed to a 
closed chapter which presents to day a complete picture and enumerates 
beyond his achievements not only the individuation of the complex or the 
complexes present in solution, but also the determination of the coordina- 
tion number, of the stability constant and some time the right interpreta- 
tion of the reduction mechanism. 

If one wishes to remember the names of the scientists which have given 
the most theoretical contributions to this field uf research, I would recall 
the works of Stackelberg in 1939, of Lingane in 1941, of Souchay and Fou- 
cherre in 1947, of Gierst and Juliard in 1950 and of De Ford and Hume 
in 1951. 

It is a special merit of these workers particularly and of all those which 
has contributed theoretically and experimentally, in this connection I will 
remember the italian schools of Roma and Padova, if to day we have a 
closed picture of the complex phenomenology. 

As it is already known, the half wave potential for a simple ion is ex- 
pressed through the formula: 

RT RT y a. (D*)y 


(1) (Ey) | ee In dg, — In 
_— nk ” nF (yu. D2 


FE; standard potential of amalgam, i.e. e.m.f. of the pile: 


Ref. El./M™" */M (Hg) when C%. y,/aq, . C2. y, == 1 


‘, pratical molar activity coefficient of the metal in the amalgam 
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(y,z pratical molar activity coefficient of the metallic ion at ionic strenght 


(yg, activity coefficient of Hg in the amalgam 
D, diffusion coefficient of the metal in amalgam 


(D,.). diffusion coefficient of the ionic species at ionic strenght u 


It is also known that the diagnostic prouve of the formation of a com- 
plex in solution is the horizontal shift of the half wave potential by adding 
to the solution complexing agent. From (1) it is clear that the potential is 
a function of the activity coefficient of the reducible ion and therefore of 
the ionic strength of the solution. 

indeed we have: 


; : RT RT yr), 
(Ey )u (Ey )u =o ~ In(y)u 4 — in (D, Mu = : 
| nk nk (D?)u 


The accurate studies of Lingane, De Ford and Papoff show that this 
shift, on changing the ionic strength from O to | are approximately 15 mV 
for a bivalent ion. 

This behaviour leads to the necessity to work al constant ion strength 
or to know exactly this effect to be able to differenziate it from the effect 
of the complexing agent. 

From all this, the principle of calculation of the effect of a complexing 
agent follows immediately when it is possible to postulate the strictly re- 
versibility of all the phenomena. 

We make for the moment the assumption that the reversibility of the 
reducing process extends to every elementary act at the electrode, also to 
the dissociation of the complex in metallic ion and complexing agent. 

The effect of adding complexing agent is till given by (2) where (y,)u 
will be changed in (y,)y, it is the activity coefficient referred to the stoi- 
chiometric concentration of the metal but function of the complexing a- 
gent (subtraction of metallic ions and electrostatic action). This new acti- 
vity coefficient is defined as follows: 


(3) (You - [Mi 


[.M",t stoichiometric concentration of metallic ion in solution 


[M"*] concentration of metallic ion at equilibrium 


On substituting in (2) we have: 
RT 


( 1) — A Ey (Ey eu (Ev u 0 ; 
nk 
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(D#), = square-root of the directly measurable apparent diffusione coef- 


ficient. 
if we make the assumption that the only one complex MX, is present 


in solution 


(M")ue (M"* en 


(M* ©) 


y mz, activity coefficient of the complex 
(X) effective concentration of complex forming material 


K, constant of formation 


By comparing (5) with (3) 
(5 bis) 


If we substitute (Sbis) in: (4) 
RT 


AE, (Ey )u = ot (Ey), 
. nk 


2 


_ K(X RT | (Dy 
=p= 9 : 


y ma, nF (D*), 


(6) gives a relation between the shift of the half wave potential and 
the equilibrium constant of the complex. 

If one works at constant ionic strenght, with enough complexing agent, 
and it is permissible to make the usual simplifing assumption common in 
polarography, one may deduce from (6) the practical relationship 


. 8 E, 0,058 p 
(/) 2 
§ log (X) n 


n valence of the ion M"~*. (7) allows the calculation of the coordina- 
tion number p from the shift of E, as a function of the concentration 
of X. . 

0,058 


(8) (Ex) we —(Evhso log K, 
n 
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gives the stability constant of the complex from the difference between 
half wave potential of the complexing solution at ionic strenght » and 
the potential of the simple ion at ionic strength p = 0. 

If the reduction procedes only to a lower valency state (7) changes to (9) 


8 Ey 0,058 


(9) (p p’) 


§ log (X) n 


p coordination number of the oxydized form 


p coordination number of the reduced form 


and the value of E,, for X =1 minus the redox potential of the simple 
ion gives (10) 


, - 0,058 Ke 
(10) AE, ce Metco 


n Kp 


K° stability constant of the complex in the oxydized state 
K, stability constant of the complex in the reduced state 


It follows from (9) that if the coordination numbers of the oxydized 
and reduced form are equal the half wave potential does not shift at all 
with the change of concentration of the complexing agent. 

If the form of the complex is MX,,, X,,. one may change alternati- 
vely the concentration of X,, keeping X, constant and one gets 


5 E, 0.058 
w Py 
§ log (X,) 
8 E, 0,058 
- Pe 
} log (X,) 
Even the polynuclear complexes may be examined on the same way. 
If they are formed by a reaction like mM + pX.= MmXp on let the con- 
centration of M change and on can derive the values of m by the relation: 


{11 bis) § Ey 0,058 


§ log c n 


It should be noticed that this relation is less accourated than the pre- 
ceedings but usually it unables to state if a polynuclear complex is present 
or not. 
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When more complexes are present at the same time in solution rela- 
tion (5) will be modified as follows 


K,(X7) K, (X77) 


vy MX, 


[M" + ioe = [M" +] y.- [1/¥ 


(12) 
» MX 


(X~) effective concentration of complex forming ent supposed 
be monovalent 
mz, activity coefficient of corresponding complex 


K, constant of formation of the complex, 


which can be written in the simplified form 


(12 bis) [M"*],, =[M 


By analogy with the previous proceeding 


' , ; RT ' 
(13) AE a? In = 
, , nk 


It is useful to adopt now the method of De Ford and define a function 
F(X) as follows 


(14) Fo (X-)) —— =f lO, AE 


D, 
D 


F (X) results a power series whose coefficents may be calculated by sub- 
sequent derivation for the value (X) — 0. The results are 
l K, 


/ (O) Ao f(O) 
Y ymax, 


JK 
f’ (O) / \ Pp 
y mz, 


The expansion of F(X) for X 0 gives obvious only approximative 
results of the constant, while when more complexes are possible, in this 


region of concentration of X the complexes at higher coordination numbers 
may not be present at all. 
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Otherwise it is possible to calculate the coefficients of F (X) by graphi- 
cal extrapolation to X 0. De Ford suggests to define such function that 


lim Ff, (X~) Ko 
(16) 7 ae 


> a (FF (X77) kK (X~) 


rhe peculiarity of thise functions allows to recognize immediately the 
highest complex, /’,(X)~ is in this case a straight line with slope equal zero; 
the second, the function F,_ ,(X7~) is still raight line w 1 positive 
slope, and the other / , (X~) are higher ves. 
From the function F(X7~) it is also ea lculate the mean coordi- 
lation number p for every value of X < value and the concen- 
ition of X~ at which every type of comple: present at maximum con- 
ration. 


Relation (17) gives the mean coordination number 


Slog | ({ Xx ;) 


mY log | \ 


2 303 


> oe 


and the following the percentage ap of the complex with coordination num- 
ber p 
3 lg a, SE 303 . RT 


{)} p 
sla (X7) mY lq (X ) 2 J 


(18) 


1 believe that it is more correct to calcula from the extrapolation ol 


(X) for X = 0 the first three stability constants and to solve for all other 
complete system of linear equation of ; unknown values. 

All this has a meaning if the complex dissociates reversibily in solution 
at a speed which is high compared with diffusion velocity, so that the 
simple ion is the entity which undergoes reduction 

Chis is not always true. There are already many examples of polaro- 
graphic reduction of complexes where the simple schema outlined before 
cannot be applied. I have only to remember the works of Schwarzenbach, 
of Koryta and Kossler, of Tanaka and Tama shi and our works in Rome 
about Mn (CN)i~ and (Co (NH,), Cly 

tecently Gierst and Juliard and later Delahay working on the theory 
of electrolysis at constant current, diffusion controlled, presented a method 
to choose between the three different reduction possibilities of a complex: 

1) the complex is directly reducible; 
2) the electrochemical reduction follows a chemical equilibrium; 


3) both reduction mechanisms occur at the same time. 
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The theory is rather simple: the potential of the electrode on which 
substance Ov is reduced is as follows, ¢ seconds after the beginning of the 
electrolysis 
RT fo)" RT Co — Pt* 

In / lr . 


(19) : : 
nk {,D? nk Pt* 


where E° is the standard potential for the couple Oz-Acd, the f's are the 
activity coefficients of substances Ox and Red, and P is defined as 


2 lo 
(20) , a 
n* nFD2 

In equation (20), i° is the constant current density for the polarizable 
electrode, D° the diffusion coefficient of substance Ox, and the other nota- 
tions are conventional. 

The most characteristic value in this relation is called transition time 
and corresponds to the time after which C° = p+”, so that the potential 
of the electrode grows to infinity. 

+ is proportional to the concentration of the reducible matter and 
inversely to the current density. If the electrochemical process follows a 
reaction of the type Z = Ox + X and an excess of X is present, io +” is no 
more constant but changes as a function of io. 

If some limiting conditions imposed to the error function which ap- 
pears in the relation are observed, the variation of ic* with io is given by 


(21) - oll ; (C3.)” ' 
K, (k, + k,)” 


where K is the equilibrium constant of the chemical reaction and 4k, and 
k, the rate constants for the back and forth reactions. Two examples will 
make the problem clear: in the reduction of Cu (en); ~ by changing i, from 
1 to 8,8 mAmp. i° z* is constant which demostrates that the complex is di- 
rectly reduced. By the reduction of Cd(CN){~ ios * slowe down on increa- 
sing i°; this demonstrates that some dissociation takes place before the elec- 
trochemical reduction. 
In 1954 Gerischer was able to show that this equilibrium is: 
Cd (CN) Cd (CN)y + CN 

and the reduction 


Cd (CN)y + 2 (—) Cd + 3 CN~ 


I believe that this short report has demonstrated that the polarographic 
method, even with its limitation, compares favourably with the other items 
we are dealing off in this Congress, to give us a better inside view of the 
behaviour of complexes in solution. 


Mechanisms of exchange and substitution 


1), (2) 


reactions in platinum (lV) complexes | 


FRED BASOLO, AUBREY F. MESSING, PHILLIP H. WILKS, 
RALPH G. WILKINS ™), RALPH G. PEARSON 


Department of Chemistry, Northwestern University, Evanston, Iinois LSA 


Summary: Preliminary investigations on some reactions of platinum (1V) complexes 
are reported. Substitution and exchange reactions of platinum (1V) complexes were ob- 
served to be accelerated both by light and by platinum (11). Catalysis by Pf(en)e2 + of the 
extremely slow exchange of chloride ion with frans-Pt(en)eCle 2 + is believed to take place 
via a chioronium ion transfer through a bridged intermediate. The base hydrolysis of trans- 
Pt (en)eClz = + is independent of hydroxide ion concentration which suggests that the reac- 
tion proceeds by the dissociation of the conjugate base. Finally what may be the first 
example of a direct displacement (S\v2) reaction of an octahedral complex in water so 


lution was observed for the reaction of trans-Pi (en)jeCle2 + with NOs 


In recent years considerable attention has been devoted to investi- 
gations of the mechanisms of reactions of metal complexes in solution (°). 
Rather extensive studies have been made of the substitution reactions of 
cobalt (III) compounds. Quantitative rate data are available on the sy- 
stem Co (en),XCl which indicate that the acid hydrolysis for such a se- 
ries of complexes to yeld Co (en),XH,O is dependent upon the nature of 
ligand X (°). If this ligand places a high electron density, e. g. NH,~, OH-, 
at the cobalt (III) ion then bond-breaking is of primary importance in the 
transition state whereas if the ligand decreases the electron density, e. g. 
NO,~, at the cobalt (IIT) ion then bond-making also becomes important. 
Thus it follows that cobalt (II) complexes are expected to undergo Syl 
reactions and cobalt (IV) S,2 reactions. 

Since in these systems cobalt does not form a stable oxidation state 
of four, it was suggested (°) that substitution reactions of platinum (IV) 


(*) This investigation was supported by a grant from the U. S. Atomic Energy, Commission under 
contract AT(11-1)-89-project No. 2. 

(7) Because of the limited space requirement, this paper presents only a brief summary of our observ- 
ations on these systems. More detailed information is availabl the theses of A. F. Messine and P. H 
Witks, Northwestern University, Evanston, Illinois, 1957. At some later date complete publications of 
these researches will appear in « The Journal of the American Chemical Society » 

(*) From the Department of Chemistry, The University, Sheffield and visiting Northwestern Univer- 
sity on a summer research fellowship. 

(*) For a survey of much of this work see F. Basoto and KR. G. Pearson, Mechanisms of Inorgani- 
Reactions, J. Wiley and Sons, New York, 1958. 

(*) (a) ASPERGER and C. K. InNcotp, « J. Chem. Soc. », 2862 (1956): (6) RK. G. Pearson and F. Ba- 
so.Lo, « J. Am. Chem. Soc. +, 78, 4878 (1956). 

(*) F. Basowo, « Rec. Chem. Prog. », 18, 1 (1957). 
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complexes might afford a good exainple of bimolecular displacement pro- 
esses (S,2) in octahedral complexes. There is a considerable amount of 
information on the preparations and reactions of platinum (IV) comple- 
xes, largely done by Russian chemists (’). In spite of this there appears to 
have been only one quantitative kinetic study reported on substitution 
ctions in these systems (°). Unfortunately, as is mentioned later, the 
Its of this investigation are difficult to interpret because of the com- 
tions due to the photosensitivity and platinum (II) catalysis of the- 


se reactions. Therefore the researches now in progress and reported in 


preliminary form here are designed to elucidate the mechanism of substi- 


? 


‘ 


ition reactions of platinum (IV) complexes. 
1. Substitution Reactions. The rate of the reaction 


(1) trans-Pt(en),Br, HCl » Pi(en),BrCl>* + HBr 


was followed spectrophotometrically. It was observed that this reaction 
is photocatalyzed so that all studies were then made on reaction mixtur- 
es which were kept in the dark. Using an excess of hydrochloric acid, the 
data were found to give good pseudo first-order plots and the rate showed 
a first-order dependence on the concentration of chloride ion. However 
different preparations of /rans-[Pi(en),Br,|Br,, all identical in analysis gave 
quite different rate constants. Recrystallization of a particular sample also 
gave fractions which differed in their reactivity. 

From the work of Rich and Taube (°) it was suspected that the different 
reactivities of these presumably identical compounds were caused by ca- 
talytical amounts of Pf (en),~*. This was confirmed both by the addit- 
ion of the catalyst and also by the addition of Ce (1V) to destroy the ca- 
talyst. Addition of five mole percent of Pt (en),*~* results in a complete 
reaction within five minutes of a complex which would otherwise react 
in the dark at 25°C with ¢ 14 = 44 min. This same complex in the pre- 
sence of Ce (IV) showed no detectable reaction under these conditions over 
a period of 24 hr. A similar behavior was also observed for the reaction. 


(2) Pt(NH,)(NO,).Cl, + py —+ PUNH;),py(NO,),CI™ + Cl 


Kinetic studies of this reaction as well as other similar reactions were 
reported earlier (") but no mention was made of their photosensitivity or 
catalysis by platinum (II). Thus the correlations attempted by the Rus- 
sian workers for the series of complexes which they investigated should 
be viewed with some caution. 


(") A. A. Grinserc, Introduction to the Chemistry of Complex Compounds., State Scientific-Technical 
Publications of Chemical Literature. Moscow, 1951 (in Russian). 
(*) O. E. Zvvacintiey and E. F. KARANDASHEVA, « Doklady Akad. Nauk. », 108, 477 (1956) 
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2. Chloride Exchange Reaction. The extremely slow exchange of chlor- 
ide ion with frans- Pi(en),Cl,** is catalyzed by Pi(en),** with an atten- 
dant rate law R = 900 [Pt(en),Cl,**][Pt(en),**] [CI-|M min! at 25° 
in the dark. A chain mechanism involving Pi (III) postulated by Rich 
and Taube (*) to explain the exchange behavior of PiCl,?~ and PtCl,? 

is probably not applicable here because of the rate law and because the 
reaction is not affected by inhibitors. However, the results can be explai- 
ned in terms of the following mechanism: 


(3) Pt(en),” - “+ Pt(en),Cl* 
(4) trans-Pt(en),Cl,2* + Pt(en),Cl* —"~ Cl(en),Pt-Cl-Pt(en),Cl 


There is now a good deal of evidence ("") for the addition of other groups to 
square planar complexes as suggested in (3). There is also x-ray evidence ("’) 
for the existence of bridged Pt (11)-Pt (1V) halogen complexes of the type 
postulated in (4). Furthermore there is ample evidence to support the view 
that certain oxidation-reduction reactions proceed by an atom-transfer 
mechanism through a bridged intermediate analogous to (4) (*). Such 
a halogen atom-transfer mechanism is applicable to a one-electron redox 
process but not to a two-electron process of the type described here for 
the Pt (I1)-Pt (1V) system. In this case where the bridged intermed- 
iate involves only one halogen, the net effect requires a halonium ion 
transier. 

It follows from the proposed mechanism of chloride ion exchange in 
this system that platinum exchange between the P?(I1) and Pt (1V) species 
should proceed at the same rate as does the chloride ion exchange. Another 
way of observing the same thing would be to start with “C-labeled ethy- 
lenediamine in one of the complexes and follow the rate at which it is dis- 
tributed between the two different oxidation states of platinum. These 
experiments are now in progress and will be reported at a later date (°). 
However a very closely related reaction has been investigated in the pre- 
sence of chloride ion 


(5) Pt(en),°* + trans-Pt (l-pn),Cl,** =~ trans-Pt(en),Cl,** Pi(l-pn),** 


The time required for (5) to attain equilibrium was followed polarimetri- 
cally since the optical rotations of Pt(l-pn),** and trans-Pt (l-pn),Cl** 


(*) KR. L. Ricn and H. Taupe, « J. Am. Chem. Soc. », 76, 2608 (1954 

(®) A. K. SuNDARAM and E. B. Sanpe.t., « J. Am. Chem. Soc 77, 855 (1956). L. MALaTesTa and 
L. VALLARINO, «J. Chem. Soc. », 1867 (1956). C. M. Harris, R NYHOLM and N. C. STEPHENSON, « J 
Chem. Soc. », 4376 (1956). C. M. Harris and N. C. STEPHENSON Chem. and Ind. +, 14, 426 (1957) 

(4) C. Brossert, « Arkiv Kemi, Mineral. Geol. », 554A, No. 19 (1948) 

@*) H. Taupe and H. Myers, « J. Am. Chem. Soc. », 76, 21 (1954). 


206 F. BASOLO, A. F. MESSING, P. H. WILKS, R. G. WILKINS, R. G. PEARSON 
differ. Within experimental error the half-life for the change in optical ro- 
tation is equal to the calculated half-life for radiochloride exchange in 
the ethylenediamine system. In the absence of chloride ion reaction (5) 
goes, but slowly. Reaction (5), using instead the dibromo analogue, is rapid 
whereas the corresponding dihydroxo system does not react. 

Finally it should also be pointed out that the ligand which adds to 
platinum (II) as in equation (3) need not be the same as those attached to 
platinum (IV). Therefore it follows that there may be a very common 
mechanism for substitution reactions of Pt (1V) complexes involving Pt 
(11) catalysis. 

3. Base Hydrolysis Reaction. Since hydroxide ion is a good nucleophi- 
lic reagent, it might be expected to react with platinum (IV) complexes 
by an Sy2 mechanism. Therefore kinetic studies were made on the reaction 


(6) trans-Pt(en),Cl,“* + 20H > Pt(en).(OH),** + 2c 


by means of amperometric titrations of the rate of chloride ion release. 
In excess alkali the reaction is pseudo first-order and shows a zero or- 
der dependence on hydroxide ion concentration. A reaction mixture of 
0.005 M trans-Pt(en),Cl,°* and 0.20 M NaOH at 25°C in the dark reacts 
with a specific rate constant of k 3.2 10~* min~'*. Except for ionic 
strength effects, essentially the same rate is observed with reaction mix- 
tures containing 0.55M and 0.40M NaOH respectively. The zero order 
dependence on hydroxide ion concentration shows that it does not react 
with the complex via a bimolecular displacement (Sy2) process. Instead 
the results are consistent with the mechanism 


Pi(en),Cl,** OH = ~ Pt(en) (en-H) Cl? + H,O 


Pt(en) (en-H) Cl,* *". Pt(en) (en-H) Cl*?* + Cl 
Pt(en) (en-H) Ci** + H,O ™., Pt(en), (OH) Cl? * 


An analogous conjugate base path (SyICB) has been proposed ("*) 
for the base hydrolysis of certain cobalt (II) complexes, which however 
show a first-order dependence on the hydroxide ion concentration. The 
independence on hydroxide ion concentration of the reaction of trans-Pt 
(en),Cl,~~* in alkali results from its being a much stronger acid (pK,=10.4) (**) 
than the corresponding cobalt (III) complex. Therefore in these alkaline 
solutions the platinum (IV) complex is essentially all present in the form 


t. G. Pearson, R. E. Meeker and F. Baso.o, « J. Am. Chem. Soc. +, 78, 709 (1956). 
GRINBERG and K. I. Gil’dengershel, « Izvest. Akad. Nauk. », 479 (1948). 
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of the conjugate base and the rate observed is that of the dissociation of 
the conjugate base (8). That an amido group places a high electron den- 
sity at the central metal ion and thus promotes an Syl process has been 
discussed proviously * ‘ 

1. Direct Displacement Reaction. Since the reaction of trans-Pt(en),Cl, 
with hydroxide ion does not involve a direct displacement process, a va- 
riety of other nucleophilic reagents are being investigated. The rate of 
the reaction. 


(10) trans-Pt(en),Cl, ~* NO; > Piten),(NO,)CI** (C] 


in a solution buffered at a p// of 4 shows a first order dependence on ni- 
trite ion concentration. The pseudo first-order rate constant at 950°C in 
the dark for this reaction in a mixture containing 0.005M Pit(en),Cl, 
0.15M NaNO,, 0.015M HC10, and 0.055M NaCl0, is k = 2.0 = 10 


min”. That this reaction probably does not result from catalysis by 


Pi(en),** was demonstrated in two different ways. First it was observed 


that Pi(en),“* under these conditions is oxidized by HNO, to yield Pi(en), 
(NO,)**. This complex was isolated in high yield from such a reaction 
mixture as the P/Cl,*~ salt and characterized by analysis. A second me- 
thod was to add a five mole percent of Pf(en * to a typical kinetic run 
and observe its effect on the rate of reaction. When this was done an ini- 
tial acceleration in the rate was observed. Hlowever after approximate ly 
fifty minutes the rate was the same as that of the same reaction mixture 
to which no Pi(en),** had been added. The initial rapid rate is believed to 
be in part the Pi(en),~* catalyzed reaction but after the catalyst has al! 
been oxidized the rate observed is then believed to be the non-catalyzed 
substitution. 

This non-catalyzed substitution reaction is thought to be the first 
example of a direct displacement (S,2) reaction for an octahedral complex 


in water solution without the prior formation of an aqua intermediate. 


DISCUSSIONS 


Bjerrum (Copenhagen) — Professor Basolo said, that 
viically pure iiway ippeal © contal itaiyt 
that it is a possibility that the s © contain 
. Pt cil) is the actual catalyst for the ir-P IV) excha 
establishes itself over the more labile planar P’/ Il 
electron conductor hould also act as a catalyst 


proposed should work for the corresponding cis-Pt ( 


Basolo here is no way from our preset 
trace amounts of colloidal p 
defined and identical spectra. We have not inves ed tl I f active charcoal « 
eactions but I think that previous studies (7?) \ n it stalvze reactions of some Pf 


omplexes just as it does those of Co (II1). I 


itinum. However 


we have performed with cis- [Pi (et ly 
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id the trans-isomer. However there would appear 
PI 
» form some sort of bridged complexe with 


work of the same sort as described by Prof 
rans form. We hope to correlate the rate of ra 
of exchange of its chlorine with water and with radioactive 
same difficulties that Prof. Basolo has descibed: different 
at different rates, doubtless due to catalytic effects 
Basolo r ohnson of your laboratory sent me a sample of cis | Pt (en), Cl,] (C104), 
few days before é rit Stats Dr. RK. G. Wilkins carried out a single experiment 
t 1aved similar to the (rans complex. The experiment 
which was do nvolved rmina n of the change in the angle of rotation of a solution 
which contail equivalent conc ons of cis [Pt (en), Cl,] (C10,), and [ Pt (l-pn),] Cl, 
ively the rate of change of optica on of such a solution as well as its final rotation was 


Quali 
same as that observed for the 


Gagarin ( Frank/u 1 ssul bridged complex [C/ (en, Pi (1 V)-Cl-Pt (II) (en), 

+ seems to be ogous ti tuown claimed complex trans-(Pt (II) a, Br,)-trans (Pt 
[V) Agl , which ct ipletely if omplex, isolated and investigated by X-ray methods. 
Shall it o be able promote eac I the italvtic way 


Basolo ‘ roposed bridged complex s the active intermediate for chloride ion 
xchang nalogous to that which you mention. A colourless aqueous solution which contains 
ilent amou! f | Pt (en),| Cl, and trans. | Pt (en), Ci,] Cl, upon evaporation to dryness 

ym orange-rust colored slid No xX ray malysis ha bee made of this solid, but it 
iebed to have the structure of the bridged complex. However uch binuclear species appear 


} 


be largely dissociated in aqueous solution. Therefore since this would introduce platinum (11) 
to the system the bridged complex would of course be catalytically active. 


Schwarzenbach (Ziirich) — There are quite a few examples known where the exchange of 
inds of a complex speeded up by presence of the same metal in a different oxidation state 
(11) catalizes exchange of ligands in Co(II1) complexes: Cr(Il) catalyzes exchange of ligands 
Cr (111) complexes and so on. It is likely that the mechanism gives out an electron transfer 


Has the rate of the electron transfer between Pi (11) and Pi (IV) complexes been determined ? 


Basolo lo my knowledge the rate of electron transfer between Pi(1l) and Pt (IV) com 
plexes has not been investigated. However, I think there is reason to suspect that it would be 
low. First, because it would involved a two electron process and second, because Pt (II) com- 
plexes are square planar whereas Pt (1V) complexes are octahedral. For a rapid electron transfer 
process the forms of the species in the two different oxidation states must be fairly similar 


Adamson (Los Angeles) — Have you considered the possibility of forming a Pf (IID) inter 
nediate ? This seems to be involved in the photochemical exchange of PICl,2 and PiBr,? 
with halide ions. Possibly, to explain your kinetics, two Pi (III) species had to be involved, only 

ie of which is effective 


Pt en, Cl,? + Pten,Cl,+ 7 Pt eng Clz+ + Pten, Cl, +? 


Pien, Cl2+ + Pten, Cl,2 + 7 ~ exchange by Cl transfer. 
This avoids the need to transfer a Ci+ as is done in an intermediate of the type you have 


postulated. 


Basolo We have considered the possibility of the formation of a labile Pt (III) inter 
mediate as was suggested by Rich and Taube (9) for the chloride ion exchange in the system 
PiCcl,* Cl However such a process requires a square root term in the rate equation, whereas 
we find first order dependencies in all three species. Likewise we found that the addition of 
reducing agents, of the type used by Rich and Taube to inhibit the exchange whichs they were 
investigating, had no effect on the rate of chloride ion exchange in our systems. This last point 
suggests, although it does not prove, that a Pt (III) intermediate is not involved in these reac 
tions. I know of no reason why the transfer of a chloronium ion should not be possible. 


Photochemical reactions of some Co(II) 


and Cr(IIl) complexes 
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Summary: Studies have been made of the photochemistry of aqueous Co(. \H,), + 3, 
Coa(N Hy), X =(X SCN, Cl, I), Co(CN), X (X CN, Cl, Br, I), Co (C09), 
Cr(NH,),SCN =, Cr(NH,), (SCN),—, and Cr (C,0,), Quantum yields were obtained 


for the redox decompositions, aquation, or racemization processes that occured, usually 


for two wave lengths, one in the ligand field band reg ind one in the electron transfer 


band region of the absorption spectra. In addition untum yields were obtained for 


the photochemically induced oxidation of iodide io: the presence of Co( NH,), + * and 


Co(NH,),Cl + 


The results are interpreted to indicate that the mical nature of the excited state 


is qualitatively independent of the wave lenght of the light used. In the other hand, the 


net consequence of light absorption depends upon » of several possible courses is ta- 


ken subsquent to the formation of the primary excited state 


rhe present investigation represents the initial effort of a program 
to develop a more quantitative understanding of the photochemistry of 
complex ions, and of its relationship to the thermal reactions of such ions 
and to the current interpretations of their absorption spectra. Linhard ef 
al [1], observing that light of 366 mu led to production of J, and N, from 
the corresponding acido-pentaminecobaltic complexes, concluded that 
the primary act involved an electron transfer from ligand to metal, in ac- 
cord with the general interpretation of the near ultra-violet, high intensity 
bands as being electron transfer in type. On the other hand, the low inten- 
sity bands, usually in the visible, observed with most first row transition 
metal complexes are interpreted in terms of transitions between 3d le- 
vels whose degeneracy has been partially removed by the ligand field [2,3] 
Thus, for an octahedral field, the d,,, d,,, and d,, orbitals, whose electron 
density is directed away from the ligand positions, are lowered in energy 
relative to the d., and d,,,, orbitals, whose electron density is directed to- 
ward ligand positions. The absorption of light in the ligand field band is 
thus thought to involve promotion of an electron from a T,, to an E,, 3d 
orbital, and should lead to a repulsion between the ligand and the metal 
ion. 

Qualitatively, then, it might be expected that absorption in the re- 
gion of an electron transfer band should lead to a redox process, and absor- 
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ption in the n of a ligand field band, to a displacement of the ligand 


and hence | 1 substitution process. One ol the purposes ol the presente 


investigation has been to test this conclusion. 


Experimental. The various compounds were prepared by standard 
proce dures, which cannot be described here, for lack of space. For the ir- 
radiations, a water cooled, high pressure General Electric AH-6 mercury 
arc was used, and wave Ik noths were selected by means ol suitable Baird- 
Atomic interference or colored glass filters. Intensities were measured by 
means of a bolometer. Absorption spectra were obtained by means of a 
Cary recording spectrophotometer, and radioactivity measurements by 
a G.M. or scintillation counter, as appropriate. 

Referring to Tables I and II, the rates of reaction were obtained for 
systems 1, 2, and 3 by a colorimetric test for SCN ~; in system 1, the amo- 
unts of aquo-complex and of Co(Il) formed were determined by the use 
of Co” .labeled complex and fractional precipitation procedures. In sy- 
stem 7, Cl’ labelled complex was used, and aquation determined by the 
amount of AgCl” precipitatable from the solution. The reaction was fol- 
lowed spectrophotometrically in systems 5,6,8 and 10; Figure 1 shows the 
sequence of absorption spectra for system 6, and figure 2, the first order 
rate plots for the four systems. Decomposition was followed in system 4 
spectrophotometrically, and by CoC,0, precipitation, using labelled com- 
plex; racemization was followed by the loss in optical rotation, after cor- 
rection for decomposition. The rate of /, production was determined -in 
systems 11, 12, and 13 by back-titration of an excess of standard SO, 
added to the irradiated solution. 

Complete first order plots were obtained in those cases where the pro- 
ducts did not absorb strongly; otherwise only initial rates were used, so 
that accurate quantum yield could be obtained. Where decomposition oc- 
curred, acetic or hydrochloric acid was added in sufficient amount to main- 


tain a slight acidity. 


Results and discussion. The results are summarized in Tables | 
and II; for the convenience of the reader, the absorption maxima and cor- 
responding extinction coefficients are given for each compound. 

The first systems studied, as marked by the sequence numbers in the 
tables, tended to bear out the initial hypothesis, namely that absorption 
in the region of an electron transfer type band should lead to a homolytic 
breaking of the metal-ligand bond and hence to redox decompositions, whi- 
le absorption in the region of a ligand field band should lead to an ioni 
splitting and hence to substitution reactions. Thus, in the photochemical 
decomposition of Co(NH,),SCN~™, if aquo-complex formation were attri- 
buted to ionic splitting and Co(II) formation to homolytic splitting, then 
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the ratio of ionic to homolytic fission rose from 0.47 for light of 370 mu to 
1.1 for light of 550 muy. Also, for the series Co(CN),X~* (X CN, Cl° Br) 
only the aquation product, i.e. supposedly ionic fission, resulted even 
though ultra-violet light was used, in accord with the ligand field nature 
of the absorption band involved. 

With further work, however, serious questions developed. In th 
case of Co(C,0,),~, the intra-molecular racemization reaction is conside- 


L 


mp 300 400 


Fig. 1 Photo-aquation of [Co(CN 


rably faster than the thermal decomposition at room temperature, yet 
absorption in the crystal field band led to some decomposition but not to 
racemization. In the case of the series Co(CN),X~*, the quantum yields 
for aquation decreased in the order /, CN, Br, Cl, which is not the order of 
the spectrochemical series, as would be expected if the primary act were 
an ionic fission, but is the order of increasing difficulty of oxidation of the 
ligand. 

Furthermore, the results of series 11, 12, and 13 made it clear that re- 
dox reactions could result from light absorption even though the wave 
length corresponded to a ligand field band, if an easily oxidizable ion was 
present. Thus yellow light led to a very eflicient redox decomposition 
of Co(NH,),1~*, even though aquation is faster, thermally, in the absence 
of J~ ion. [4]. Also striking was the observation that yellow light, which 
caused aquation of Co(NH,),CI°* with a @ of 0.007, led to production 
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of J, in the presence of KJ, with a @ of 0.009, and that Co(NH,),** which 
was quite stable to yellow light by itself, was again able to sensitize 
iodide oxidation. The active species in both cases was probably the 
(complex) (/~) ion pair, but the point is that the transition involved with 
light of 550 my was presumably still of the ligand field type since ion pai- 
ring affected neither the intensity nor the position of the band. 

It thus appears that in the case of Co(III) complexes, the presence or 


minutes 


A. 


0 20 40 60 


Fig. 2 — Photo-aquation [Co(CN),X}- 3 at 370 mu 


X AD Ixlo* 
moles /min 


380 0.56 

380 3.6 

380 2.9 
500, 330 6.5 


absence of photochemical redox reactions depends more on the oxidizabi- 
lity of the ligand than on the wave length used or on whether the band 
should be designated as electron transfer or ligand field in type; also, aqua- 
tion and racemization reactions, even though favored thermally, are not 
necessarily favored photochemically even though absorption is occurring 
in a ligand field band. 

In the case of the Cr(II1) complexes, no redox processes at all were 
observed, nor were there very large differences in the quantum yields for 
aquation between 370 and 550 mu. 
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A general mechanism for photochemical reactions of complex ions. — It 
has been possible to give a consistent explanation of all of the above re- 
sults by supposing that the nature of the primary process is the same in all 
cases and that the type of final products is determined by subsequent or 
second stage processes. Specifically, it is supposed that the primary act 
is in every case an electronic excitation to a pre-dissociation state for homo- 
lytic bond fission. That is, electron transfer from ligand to metal occurs 
and, by virtue of the Franck-Condon principle, the resulting state is one 
of considerable repulsion between the oxidized ligand and the rest of the 
complex. This repulsion energy is shown as A in the scheme below, and is 
supposed to be dissipated rapidly by exchange of vibrational energy with 
the surrounding medium, concurrently with a more or less rapid reoil of 
the ligand from the complex. 

If the energy requirement to give the homolytic fission product, 
M(II)A;.X, is high, then the excess energy, A will be small, the oxidized 
ligand will separate or recoil only slightly, and the opportunity for 
the return process (2) will be large. The quantum yield is thus deter- 
mined by the competition between the first stage processes (2) and (3); 
it should be lower the more difficultly oxidizable the ligand, in accord with 
the sequence for the Co(CN),X~* series and the Co(NH,),X (X = J, Cl, 
NH,) series, and in agreemnt with Plane and Hunts’ [5] oservation of a 
very low quantum yield for H,O” exchange with the hexaaquochromic 
ion and the lack of photodecomposition of Cr(C,0,),~* found here. 

If A is large, then process (3) is favored, in which sufficient separation 
between the complex and the ligand develops for solvent to be interposed, 
and various second stage processes can now take place. If electron transfer 
is energetically feasible, then process (4) can occur, which leads to aqua- 
tion as the net reaction. Alternatively, continued separation of the homo- 
lytic fission products may take place, leading to a net redox reaction (5). 


Primary act: M(UIINDA,X + ho > M(IIDA,X + A (1) 


First stage processes : 


ligand return: M(I1)A,;.X —» M(IIDA,X + A’ (favored if A small) (2) 


separation: M(II)A,X —» M(IDA,(H,0).X (favored if A large) (3) 


Second stage processes : 
electron return: M(II)A,(H,0).X —» M(II1DA;H,0 + X7 


net redox reaction: M(I1) A,(H,0).X —» M(I]) + 
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Photochemical Reaction of Co( III) Complezes. 


Abs. Max. and extinct.. Wave Nature of Reaction on which 
coeff. (mu/e) Length @ based 


0.014M : 75/53; 340/49 7 no reaction observed 
same, in (0. 75/55; 340/98° I, produced 
I, produced 
360/45 aquation, trace Co7 
aquation 
same, in 0.008M . 360/80° 7 I, produced 
0.0033 S,0, 5 I, produced 
0.0025M Co(NH 2 900/170; 330/1000 7 SCN produced 
(aquation/Co7t 
SCN produced 
(aquation/Co7t 
985/75;380/1880 370 I, produced 


I 


, produced 
(very little aquation) 
0.006M Co(CN),—* 310/190 37 aquation 
0.005M ¢ ‘ 310/128; 380/94 37 aquation 
0.005M 395/170 7 aquation 
0.006M Cot : ; $30/2630; 500/87 7 aquation 
aquation 
420/220; 605/170 7 Cot, CO, produced 
Co++, CO, produced 
(levo-complex) 5 no photoracemization 


* for comparison purposes, no Maximum present 


TABLE II. — Photochemical Reactions of Cr(JI1I) Complezes. 


Svat Abs. Max. and extinct. Wave Nature of Reaction on which 
vs T 
_ coeff. (mu/e) Length 2 based 


0.0049M CriNH,),SCN 300 /6000; 500/80 55 aquation 
aquation 
O.007TRM ¢ (N H,)q( St N)q 390/91; 520/103 7 aquation 
aquation 
same, in Methanol (same) 70 SCN formed 
SCN formed 
same, in nitromethane 390/92; 520/118 7 SCN formed 
¥ 420/97; 570/ 75 7 no reaction 


01M CriC,O4)5 


no reaction 
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\n important point is that if hv is replaced by thermal energy, then 
the sequence (1), (3), (5) is essentially that for the thermal redox decompo- 
sition; one may thus expect that if the thermal process occurs readily, the 
photochemical one should als occur readily. On the other hand, the se- 
quence for photochemical aquation, (1), (3), (4), undoubtedly does not pass 
through the sequence of states involved in thermal aquation (or racemiza- 
tion). That is, the intermediate (M(I]1)A.(//,0).X, is not an intermediats 
thermal aquation [6]. In consequence, the ease of photochemical aquation 
will depend on quite other factors, such, as ligand oxidizability than does 
the thermal reaction. It is thus quite reasonable for the redox decomposi- 
tion of Co(C.0,) and of Co( NI,).1°* to dor ite photochemically, while 
the aquation and racemization dominate as thermal reactions. 

If ion pairing is present, oxidation of tl Y~ jon can occur by electron 
transler either as a first stage or as a second stage process, as shown by 


equations (6) and (7). 
|. M(11)A,.X]) >| MIIDA,X7]Y —» MIL) + oA 
| M(II)A,(77,0).X] >| MDA ~H,0)X~| Y¥— »>M(11) +X7+ Y (7) 


If (6) can compete favorably with (2), as in the case of Co(NH,),*° in Kl 
solution, then photo-oxidation can occur even though the complex by it- 
self is quite stable towards light. 

lhe proposed scheme also permits an explanation of how light quanta 
of 50 to 70 Aeal (550 to 370 mu) can be absorbed by a con ple x ion and 
degraded to thermal energy without any chemical reaction necessarily oc- 
curring. This process must be occurring since there is no fluorescence, as 
concluded by Plane and Hunt [1] in the case of Cr(#7,0),*°, and by oursel- 
ves for Co(CN),CT™, so the absorbed light is consequently not reemitted. 
The sequence (1), (2) returns the complex to its initial state, but the ener- 
gy hv is dissipated in two stages, as A and A, so that the full amount ts 
not converted into thermal energy at once. The degree of local « heating 


is thus reduced with the consequence that reactions of even low activation 
energy need not be photo-induced with any great efficiency. 

An important implication of the scheme is that there is little diffe- 
rence between the excited states produced by absorption in an electron 
transfer vs. a ligand field band. More specifically, the implication is that 
absorption in the region of a ligand field band involves an electron transje1 
process, i.e. a radial change in electron density as would correspond to pro- 
motion of a ligand electron to an s or p state of the metal ion; this would 
deny the usual interpretation of these bands as being due to a transition 
of a metal electron from a T, to an E, state of the 3d orbital. The matte 


may be one of degree however. It is generally thought that the excited 
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state in a ligand field transition involves some admixture of s or p states, 
in order to explain even the small transition probabilities. We would re- 


verse the emphasis to say that «ligand field » transitions are essentially 
electron transfer processes whose energies and probabilities have been mo- 
dified by some admixture with E, states. 
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DISCUSSIONS 


Schaffer (Copenhagen) — As mentioned by Orgel (Orgel, L. E. Reports to the Xth Solvay 
Council, Bruxelles May 1956), discussing halide complexes of Co(III), there is evidence that 
the bonding orbitals of x-type have higher energy than the bonding c-orbitals. Therefore, if 
you consider an electron transfer reaction to be the main step in your photochemical process it 
will probably be a x-electron transfer from bonding, essentially ligand orbitals of hy or law 
symmetry (or reductions of these to lower symmetries) to the empty, antibonding eg, essentially 
metal orbitals. 

It may be qualitatively understood why you observe a higher quantum yield in the visible 
region with Co(NH;), J2+ than with Co(NH,), SCN®+ although the intensity of the absorption 
is the same with both ions. 

In the Co(NH;,), J2+ the first band of high intensity is probably of the type mentioned abo- 
ve, i.e. it is mainly due to an electron transfer from the J to the Co. In the visibile region you 
have two possibilities of provoking this transition. First its probability is not zero, though very 
small, as it still has a foot in the visible region in question. Secondly, the ligand field band will 
probably have gained most of its intensity by being mixed with the same electron transfer 
band 

In the Co(NH,),; SCN2+ the first transition of high intensity has a position which is almost 
independent of the number of SCN ions present in the complex. This fact indicated that we are 
dealing with a transition mainly localized within the SCN ion and thus not affecting the Co- 
SCN bond much, 


The thermodynamics of the interaction 


between heterocyclic bases and biacetylbisbenzoy]- 


hydrazonenickel (Il) as a reference acceptor 


in benzene solution 
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Summary: The planar complex compoun etylbisbenzoylhydrazonenickel (11) 
[Ni(BBH)}\, diamagnetic, with dsp* hybridatior sddition compounds with various 
nitrogen bases containing two molecules of base lifferent absorption characteristics 
of the two coordination compounds allow to determine the formation constants of the 
complexes in non polar solvents by means of spectrophotometric measurements. The main 
factors controlling the stability of the complexes ve been investigated and the rela- 
tionship between the base strenght and coordinating tendency toward Ni(BBH) is discus- 
sed in terms of electronic and steric factors. From the measurements of the temperature 
dependence of the formation constants, the heats of rection, free energy and entropy chan- 
ges have been calculated and discussed. The different orders of entropy changes observed 


can be explained as a particular type of « ortho effect » and in the m-bond character ascri 


bed to the coordinate links between nickel and the nitrogen atom of the heterocyclic amines 


It has recently been pointed out [1] that despite the ever increasing 
volume of information on complex equilibria the amount of published 
thermodynamic data, e.g., heats and entropies of reaction, remains very 
small. Moreover the majority of these investigations have been carried 
out in aqueous solution and, consequently, they refer to displacement reac- 
tions, i.e., water for another ligand. Since the thermodynamic data rela- 
tive to such hydration processes cannot be determined unequivocally, the 
results are generally affected by some uncertainy. 

The study of the equilibria between bisacetylbisbenzoylhydrazone- 
nickel(II), (1), and a series of bases, in a «non coordinating » solvent is 
free from these limitations: the reactans are uncharged and anhydrous, 
and no displacement of ligands occurs during the reaction, which con- 
sists solely in the addition of two molecules of base to the square planar 
nickel complex. 

Bisacetylbisbenzoylhydrazonenickel (11), Ni(BBH), (1) described in 
a previous publication [2], is diamagnetic and has been attributed square 
planar structure with dsp* hybridation. It gives green solutions in «non 
coérdinating » solvents, e.g., chloroform, benzene, etc., which are diama- 
gnetic, while the solutions in donor solvents are yellow brown and parama- 
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pyridine its u,, 3.2 B.M. This can be attributed to the 
in octahedral complex (11), according to: 


In fact a pyridine adduct can be easily prepared by carrying out r 
tion 1) in chloroform. This product is paramagnetic (u,, 2.6 B.M.) and 
presumably octahedral with d*sp* hybridization, and the pyridine mok 
cules in trans-position. Low magnetic susceptibilities have frequently been 
observed in similar adducts [3]. 

Equilibrium 1) can be studied spectrophotometrically because Ni(BBH) 
and its pyridine adduct absorb at different wave lengths with absorption 
maxima at 392 my (in benzene) and 466 muy (in 0.15 M pyridine solution 


400 450 500 
A (mp ) 


Absorption curves of Ni (BBH) in benzene and in benzene pyridine solutions 
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in benzene) respectively. These absorption curves, and those of interme- 
diate composition, form a family of curves with an isosbetic point at thei 
intersection, 421 my (Fig. 1), indicating the presence of only two complex 
species in solution. Similar graphs with sharp isosbestic points are obtai 
ned for all the bases amployed. 


EXPERIMENTAI 


Preparation of Bisacetylbisbenzoylhydrazonenickel (11) 
Pyridine (2 g.) was added to Ni(BBH) (1 g.) in chloroform, the solutior 
I 


evaporated to a few c.c.s., and diluted with light petroleum. The brown 
precipitate was filtered off, washed with light petroleum, and, air dried 
between filter paper at room temperature, gave brillant brown leaflets 
Found: N, 16.6; Ni, 17.4. CyHyON,Ni.2 C,H,N requires N, 16.6; Ni, 
17.4 %. On keeping in an evacuated desiccator over concd. sulphuric 
acid it lost pyridine, and reverted to the black starting material. 


Calculation of Formation Constants. The total formation constants for 
equilibria of type 1) are given by: 


(2) K [Ni(BBH) .2 Base] /[Ni(BBH)\ [Base}’. 

Solutions of Ni(BBH) in benzene and pyridine-benzene obey Beer's 
law and the concentration of Ni(BBH) and Ni(BBH).2 Base can be obta- 
ined directly from spectrophotometric data. If « is the fraction of « fre 
Ni(BBH) and D the observed optical density at a given wavelength, then 
(3) D ey lea ; . (] -a) 
where e, and e, are the molar extinction coefficients of Ni(BBH) and of 
Ni(BBH). 2 Base respectively. Since c and / are kept constant (¢ 1 x 10™) 
the equation (3) becomes 


D D, « + dD, | x) 


where D, and D, are the observed optical densities of Ni(BBH) and 
Ni(BBH).2 Base at concentration 1.0 « 10~* molar. 


Then D — D,/D D, 


and equation 2) becomes: 


K 
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[he value of the concentration of the «free » base, [Base], is given 

by the difference between the concentration of base added and twice the 

; __-—s-s eonentration of the adduct 

“ | Ni(BBH).2 Base. The latter 

: is evidently equal to (1 — a) 
10° *. 


Spectrophotometric Mea- 
surements. Visible and ul- 


traviolet absorption spectra 
were measured with a Beck- 
man DU spectrophotometer 
fitted with a thermostated cell 
compartment [4]. Measure- 
ments were made at 10°, 25° 
and 45°C., using 1.00 cm. 
stoppered silica cells. During 
measurements at 10°, care 
was taken to prevent the for- 
mation of moisture film on 
the cells by circulation of 
dried air in the cell compart- 
ment. The solutions used con- 
tained 1.0 x 10~ moles per 
liter of the complex and va- 
rying amounts of each base. 
In each case the solution used 
as a black contained the same 
concentration of base as the 
sample. 


pt = 


FIO 340 350 Calculation of Thermody- 

10VT namic properties. — The stan- 

Fic. 2. — Plot of logK vs. 1/1. dard molar thermodynamic 
quantities AG, AH, and AS 

associated with the formation of the complexes were calculated by means 


of the usual relationships. 
— 2.303 RT log K = AG = AH — TAS 
AH = 2.303 RT, T, (log K, — log K,)/T, — T, 


AH is constant within the experimental errors over the range of tem- 
perature investigated as shown by the linear plot of log K vs. 1/T in Fig. 2. 
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Magnetic Measurements. - The magnetic susceptibility of the Ni(BBH) 
complex in pyridine was determined by the Gouy method. [5] The susce- 
ptibilities of Ni(BBH) and the solid pyridine adduct were measured by 
means of the interferometric Bhatnagar balance [6] employing the Fa- 
raday method. The value for the molar susceptibility of the addiction 
compound was calculated using an effective molecular weight derived 
from the actual per cent. of pyridine present in the compound. Dia- 
magnetic corrections were calculated from Pascal's constants. 


Materials. — Benzene used as solvent was carefully purified by standard 
methods [7]. 
The amines, which were good quality commercial products were pu- 


rified by usual methods until their physical constants agreed closely with 
the values in the literature. Usually they were refluxed for several hours 
over potassium hydroxide or barium oxide and fractionated through a 
column of 40 theoretical plates packed with Fenske glass helices, collec- 
ting the constant boiling center fractions. 


Results. The equilibrium constants for the reaction 


Ni(BBH) + 2 Base =* Ni(BBH). 2 Base 


< 


at 10°, 25° and 45° are listed in Table 1. Column III gives the values of 
the acid dissociation constants of the amines and column IV some of the 
corresponding silver(I) formation constants from the literature. Columns V 
and VI list the values of R = log K/pK, and of R log K,,/pKy res- 
pectively. Column VII gives the values of Q,, the calculated charge den- 
sities on the nitrogen atoms. 

In Fig. 3 log K is plotted against pA, for the bases. The accuracy 
of the values was 0.02 for log K, + 0.02 kcal.mole “for AG and AH 
(+ 0.3 kecal.mole for quinoline and isoquinoline), 0.1 e.u. for AS 
(+. 1 for quinoline and isoquinoline) 


DISCUSSION. 


The values of log A for pyridine and substituted pyridines fall into 
two main groups: the first includes pyridine and 3-, 4-, 3,4- substituted 
pyridine with values of R ranging from 0.69 to 0.74. The values of log 
K for such bases on the plot in Fig. 3 lie roughly on one straight line of 
slope equal to the mean values of R. The second group includes all the 2- 
substituted pyridines, i. e. 2-methylpyridine, 2,4-, 2,5-, 2,6-dimethylpy- 
ridine. Their values of log A are more than 3.5 logarithmic units lower 
than those of the first group and the values of R range from 0.08 to 0.15. 
The values of log K for the quinoline (2,3-benzopyridine) and for the secon- 
daries amines piperidine and pyrrolidine lie apart from these two groups. 
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Ni(BBH) with heterocyclic bases and related data. 


t-LDimethyipyr 


2,5-Dimethylpyr 


2,6-Dimethylpyr 


2,3-Benzo 


)) Iso-Quinoline 


zopyr } 


10) Piperidine 


11) Pyrrolidine 


45 


1) H. C. Brown, McDanret and Hariicer, Dissociation Constants in Braupe and Nacnop, Deter- 
mination of Organic Structures by Physical Methods. « Academic Press Inc., Publ. », New York, N.Y. 1955; 
b) Gero and Markuam, «J. Org. Chem. », 16, 1835 (1951). c) BRUEHLMAN, and VeRHOEK, «J. Amer: 
Chem. Soc. », 70, 1401 (1948); c) Brown and Dewar, «J. Chem. Soc., 2406, 1953. e) BrieGcLes, « Z. 
Elektrochem. +, 53, :‘ (1949) 
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It is well known that the electron density Q,y at the nitrogen atoms of 
the heterocyclic bases depends on the environment of the nitrogen atom 
through operation of the inductive and mesomeric effect of the substitu- 
tuent. In the picolines and lutidines the inductive (+ J) and hyperco- 
njugative effect of the methyl group increases the charge density on the 
nitrogen atom. [8]. Ingpection of the values of Qy and pK, in Table 1 
shows that the base strengths of pyridine, the picolines and iso-quinoline 
(3,4-benzopyridine) run parallel to the charge densities on nitrogen atom. 

In this work the observed log K values for all these base except 2-pi- 
coline also run parallel to the 
charge densities on the nit- 
rogen atom. This suggests that 
the availability of electrons on 
the nitrogen atom is the main 
factor which determines the 
coordinating ability of the 
pyridine bases toward the 
Ni(BBH) complex as well as 
the proton. The 2-picoline has 
a markedly smaller value of log 
K than expected on the basis 
of its proton affinity. This fact 
can be ascribed to an F-strain 
between the methyl of the 
2-picoline and the plane of the 
Ni(BBH). This hindrance, of 
course, is absent when the reference acceptor is the proton. The same 
F-strain account for the lower values of log K for all the 2-substituted 
pyridine of the second group. 

rhe R value for the quinoline (2,3-benzopyridine), 0,43, is much 
higher than those of the other 2-substituted bases (0.08-0.15). This large 
increase in the value of R reflects a significant structural difference bet- 
ween quinoline and the 2-substituted pyridines. In fact the planar mole- 
cules of the aromatic bases which coérdinate to the nickel atom will tend 
to arrange themselves in one of the two planes which are perpendicular to 
the coérdination plane of the nickel(II) so as to bisect one of the N-Ni-O 
and N-Ni-N bond angles. Thus the hydrogen atom of the ortho C-H 
group of the quinoline can insert itself between two adjacent ligand atoms. 
In the case of the 2-picoline, on the other hand, the free rotation of the CH, 


group in 2-position prevents any H atom of the methyl group from pene- 

trating easily between two adjacent coordinate atoms. As a consequence 

the approach of the base to the nickel central atom will be hindered. 
Acridine does not produce a change in colour of the benzene solution 
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of Ni(BBIH). This is rather surprising because the nitrogen atom has a 
fairly high electron density (Q, = 1.431) and it is a good base (pK, 
5.60 at 20°). It is even more remarkable in view of the fact that 2,6-luti- 
dine does actually form an adduct. 

The values of R found for the piperidine complex is smaller than that 
found for the pyridine complex (0.512 and 0.732 respectively). This diffe- 
rence is probably due, at least in part, to the smaller size of the pyridine 
molecule. However, it is mteresting to note that the piperidine and pyri- 
dine complexes of silver(1) have ratios, Rk’, which are related to the cor- 
responding ones in the Ni(BBH) system, R, by a factor which is very clo- 
se to 1.4 in each case. 

There is some evidence that x-bonds are formed between silver and 
heterocyclic bases [9] and in view of the striking similarity in the ratio 
of the values of R and FR’ and despite the fact that the two systems are so 
different one is led to think that x-bonds are operative also in the case of 
Ni(BBH). 2 Base. This could be a contributing factor in giving a value of 
R which is larger in the case of the pyridine complex than in that of the pi- 
peridine complex. 


Heat of reaction. It is well known that a negative value of AH is 
a favourable requirement for a stable complex compound. In the present 
case the values of Al/ range from -12.58 to -15.81 kcal. This small change 
in AH shows that the largest part in the change in AG is to be found in 
the AS of the reactions. 

The values of AH for the 2-substituted pyridine (-12.58 to -13.64 keal. 
are lower than those for the other substituted pyridines (-14.13 to -15.80 
keal.). If AH is considered to be a measure of bond strength this difference 


confirms the presence of steric hindrance in the formation of adducts of 


2-substituted pyridines. 


Entropy Changes. Table 2 shows that the entropy changes for 
the formation of the hexacoordinate complexes are always negative, the 
value of AS ranging from -18.8 to -43.5e.u. A negative entropy is expected 
for a system such as this where: i) a decrease in the number of free parti- 
cles occurs; ii) there is a loss in independent motion by the nickel complex 
and by the aromatic bases upon combination. The values of AS can be 
collected in two groups: one group of the secondary amines, with AS 
values of -18.8 and -20.5 and another group of the pyridine bases with 
AS ranging from -30.1 to -43.5 e.u. This large difference between the two 
sets of values can be accounted for in terms of a reduction in the freedom 
of rotation of the pyridine bases around the Ni-N bond with respect to 
that of piperidine and pyrrolidine. Indeed, if double bonding is involved 
in the bonds between nickel and the nitrogen of the pyridine bases, it 
should result in a hindrance of rotation of the amine. This loss in entropy 
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TABLE 2. Termodinamic functions for the equilibrium reaction 


BBH) + 2 Base > Nit BB + Base at 25 


AG AH As 


(keal./mole) kcal. /mole) (cal./deg. mole) 


1) Pyridins 

2) 2-Methylpyridine 

3) 3-Methyipyridine 
4-Methyl pyridine 

») 2,4-Dimethyl pyridine 

6) 2,5-Dimethylpyridins 

7) 2,6-Dimethyl pyridine 

8) Quinolinge 

9) Iso-Quinolins 

10) Piperidine 


11) Pyrrolidine 


therefore corroborates the hypothesis of x-bond character of such coordi- 
nate links. 

The values of AS for the pyridine bases can be further subdivides in 
two groups, the former, from -39.7 to -43,5 correspond to all the ortho- 
substituted pyridines; the second, from -30.1 to -33.1 refers to the not or- 
tho-substituted pyridine bases. The large negative entropy changes for 
the ortho-substituted pyridines can be attributed to a restriction of free 
rotation of the ortho-methyl group about the C-C bond due to the penetra- 
tion of an H atom of the CH, between two adjacent ligand atoms of the 
plane of the nickel central atom. This « ortho-effect » [10] already verified 
also for the entropies of hydration of the same substituted pyridines, ap- 


pears probably as an important factor in determining the rigidity of the 


octahedral complex molecule. 
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Optical isomers and asymmetrical agents 


Continuing with the scission of a complex racemic salt by 


diffusion in molecularly asymmetrical solvents. 


VITTORIO CARASSITI 


Istituto Chimico « G. Ciamician + dell’Universita di Bologna Italia 


Summary: We have already showed the scission of the racemic chloride of Co-trieth- 
ylenediamine in their optical antipodes by simple free diffusion in a liquid medium endowed 
with asymmetry (rotatory optical activity), as a sucrose solution: the demonstration has 
been obtained making use of statistical methods, and by vccessive analysis in the time 
of the form properties of the gradient patterns 

In fact the method of experimental detection is the method of the index of refraction 
gradients, where the distribution pattern of the gradient n be evaluated with Gaussian 
distribution function, as in the case of the diffusion of a uniform substance 

Now is added a new experimental demonstration of the « kinetic » non-uniformity of 
1 racemic coordination compound which diffuses in a liquid medium endowed with asym- 
metry (resolution in the antipodes): the demonstration is obtained by the study of the de 
pendence of the areas under the curves of gradient as funct of the time 

Also diffusions of the pure antipodes in the same med is have been studied, as well 
1s of the racemic complex in mediums lacking in asymmetry: in absence of a resolution, 
we find for these cases (« uniform + solutions) a depend f the areas completely diffe- 


rent, how it was to be expected by us 


In a note which had appeared previously [1], we demonstrated how it 
would be possible to differentiate two optical antipodes of a complex salt 
by free diffusion (different rates of diffusion) in a molecularly asymmetrical 
liquid medium, and how on the other hand this differentiation would not 
appear in the case of a solvent not endowed with optical activity, as is the 
case with water. In a successive note [2], we have studied the problem of a 
racemic compound of coordination, resolving the chloride of the racemic 
cobalti-ethylenediamine [Co.en;] Cl, in its specular isomers by free diffusion 
in a solution of a sugar endowed with optical activity. 

The method of resolution places itself, therefore, as a principle, amongs 
the other methods of resolution of racemic salt complexes already known [3]; 
since this stereo-specific effect is determined by factors of symmetry, it is 
very probable that from this method it will be possible even to obtain infor- 
mation regarding the absolute configuration of stereo-isomeric compounds 
of coordination: that is, putting it with the other methods, which have al- 
ready been tried, of rotatory dispersion [4, 5] and adsorption [6] 

The halving of the salt [Co.en,] Cl, had been demonstrated [2] proving 
that only in the case of the racemic compound the curve of the refraction 
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index gradient has no longer the shape of a normal Gaussian distribution 

curve, owing to the « kinetic » inhomogeneity of the solution of the racemic 
compound: (in liquid mediums endowed with asymmetry). 

lhe curve of the index of refraction (variation of the index of refraction 

at different heights in the diffusion cell) is a regular sigmoidal curve in the 

case of a diffusion mono-dispersed substance [2], but it undergoes certain 

modifications in the case 


{ —eP 
z| ) of inhomogeneous diffusion 


systems; let us consider a 
case which reproduces the 
type of diffusion studied of 
a racemic compound aga- 
inst a «solvent» capable 


of scission: 1. e. the diffu- 


sion of a mixture formed 
of two components of equal 


concentration and having 
the same index of refrac- 


tion (optical antipodes) and 


let us observate the phe- 
nomenon at a time (f/) at 
1. — Relation between index of refraction and distance from Which the superior boun- 
the initial boundary: «)diflusion column; 5) relation Betwe- daries of diffusion of the 


en index of refraction (concentration) and distance from 


IE slower moving component 
and of the faster moving 
component reached at a height 1 and 2 respectively: i. e. the diffusion in- 
volves two symmetrical volumes regarding the initial boundary O and ha- 
ving the inferior boundary at 1’ and 2’ respectively. If the index curves of 
the pure components are represented by the curves 1 and 2 in section 6 in 
fig. 1, in wich n,-n, represents the index variation for each of the two, as 
by hypothesis, and supposing for semplicity the index of refraction as a 
linear function of concentration and still the diffusion of two constituents 
as indipendent, the curve of the index can be plotted as in the figure. Here 
N-Ng is equal to 2 (Ny-Ng) 1. e. (MyM) + (Ng-N), and the segments of the 
curve between the points 1 and 2, and 1’ and 2’ are still sigmoidal seg- 
ments 2 of the faster component: i. e. the bands of the compound diffu- 
sion curve will be, for high values of zx, and for these only, still bands of a 
normal distribution, and precisely due to the increments of a single compo- 
nent between the boundaries 1 and 2 and 1’ and 2’ respectively. 

Let us refer to the work already cited [2] as for as the theoretic treat- 
ment of the problem is concerned: either from the general point of view of 
the variations of gradient distribution curve in the case of non uniform so- 
lutions, or, from the point of view of a discussion of the mathematical me- 
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thods more indicated to reveal such variations. In that work, the relative 
error of the method is also taken into consideration. 

Let us note here other experimental parts which confirm the resolution 
of [Co.en,|Cl, by simple free diffusion in solutions endowed with optical 
rotatory activity. 

Having referred, as it has been said, for brevity, to the theoretical 
treatement of the note previously cited, let us caJl to mind that although 
the simple theory developed from the equation dn/dx = f{ (2, t) for the re- 
fractive-index gradient [7,8] presumes that the area under the curve of the 
gradient should remain constant with the variation of ¢ (time) because it is 
the integral expression of a difference of the index of refraction for the 
two solutions constituting the. boundary (more dense and less dense) take 
at vertical levels not yet involved with the phenomena of diffusion, actual 
ly, we have, generically speaking, decreasing variations of value of the areas 
under the curves, as is possible to deduce from L. G. Longsworth [9] 
Which means to put in evidence, by measurements of diffusion in solutions 
treated for sufficiently long periods of time, a significant drift (negative) 
of the apparent diffusion constant with time. I limit myself to cite the work 
of H. Neurath [10,14]. 


The experiments of this protocol are the same 13 experiments of (2): 
they involve the following types of experimental measurements: 


diffusion of [Co.en,] Cl, dextro-rotatory in sucrose 0,5843 M (aq.) 
diffusion of [Co.en,] Cl, levo-rotatory in sucrose 0,5843 M (aq.) 
diffusion of [Co.en,| Cl, racemic in sucrose 0,5843 M (aq.) 
diffusion of [Co.en,] Cl, racemic in water. 


rhe diffusion measurements are done with the technique already de- 
scribed, i. e. by letting diffuse a solution of [Co.en,} Cl, 0,03 Molar in sucros 
0.5843 Molar, against the same solution 0,5843 Molar of sugar (water solu 
tions); in the case of measurements in water, letting diffuse a 0,03 Molar 
aqueous solution of [Co.ens] Cl,, against water. 

The diffusion cell is a cell of Claesson; the optical methods of conti- 
nuous refractometrical revelation are those of an apparatus for electro- 
phoresis and diffusion of the Tiselius type and constructed by Klett, with 


the use of cylindrical lens and diagonal slit of Svensson at 45°. The tem- 


perature of 19°C (+-0,05) is the temperature chosen for the experiment. We 


have taken the measurements of the specific rotation for the optically ective 
components which enter into the research, obtaining the following values 


d. | Co.ens| Cl, (g. 0,6910/100 ec. of solution) [a], + 152°,0 
l. [Co.ens] Cl, (g. 1.0033 100 ec. of solution) 154°,2 
sucrose. . . . (g. 6,0000/100 cc. of solution) 66°] 


— 


VITTORIO CARASSITI 


For each experiment are made a certain number of photographic obser- 
vations up to 3.10* seconds (as order of magnitude) and the area under 


TABLI 


Experim. 1 Experim. 2 Experim,. 3 Experim. 4 Experim. 5 Experim. 6 Experim, 7 


Uy r uy 


8543 

10786 

74 12670 

3610 «14,41 14477 


9343 


Experim Experim. 9 xperim perim. 11 Eexperim. 12 xperi 


z i , ' r r 


the curves of the gradient is determined directly upon the photographic 
enlargement (factor near to 3) by integration. 

The values of area expressed in cm?*, for diffusions of the racemic 
chloride of cobaltiethylenediamine in 0,5843 Molar sucrose solution, are 
listed on the first part of Table 1 in correspondence with the time of mea- 
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sure expressed in seconds; the values of area are riduced to the same ma- 
gnification factor and are listed in the table with the letter y, while z indi- 
cates the time. The data regarding the areas are given in full, because this 
work has been exactly conceived as the interpretation of these figures. In 
the second part of Table I we wrote separately the values of area for those 
experiments in which there is homogeneity of the diffusing solution, as 
demonstrated in previous work; i. e., diffusion of [Co.en,| Cl, dextro-ro- 
tatory (exp. 8,9) or levo-rotatory (exp. 10 and 11) in sucrose, and diffusion 
of racemic [Co.en,] Cl, in a medium not endowed with that asymmetry, 
which reacts specifically (water; exp. 12 and. 13). 

Actually the times listed for experiment 12 and 13 are not the experi- 
mental times: for diffusion measurements in water, the integral coefficients 
of diffusion have greater values of those regarding sugar solutions (higher 
velocity in less viscous mediums). In order to allow a comparison of the 
experimental data of the two series, it is necessary to magnify the units 
of the axis of the times by a certain coefficient, derived from the charac- 
teristics of the curves of distribution. 

From the data of Table I, an interpolation with the least squares’ 
method, which permits an estimate of the results for any diffusion having 
a linear development corresponding to a general equation of the type: 


y=a+ba 


and limiting us to compute the values of the angular coefficients } of the cur- 


ves by the equation: 


where n is the number of area observations or records, gives us the data of 
table II (column 3). 

Now, for one single diffusing component (3 different types of such a 
single system: experiments 8-9; 10-11; 12-13) it is possible to put in full 
evidence a « regular development » of the areas having a negative coefficient 
as had been expected; the same happens also in the case of the racemic com- 
plex, providing that the medium in which the movement occurs will not offer 
a selective « friction » to the two stereo-isomers, and therefore, as we have 
already calculated [2], the curve of gradient is a normal curve and the va- 
lues, of t ln (H,/H,)”, H, and H, being two ordinates for points on the cur- 
ve, are almost constant (the angular coefficients of the curves estimated in 
(2) with the same methods, are reproduced in Table II, in the last column 
at right, in order to allow a comparison). 

We also demonstrated that an analysis of the factors «tln (H,/H,)» 


computed at different times is sensible enough to reveal the « abnormality » 
of the curves in the case of the racemic mixture diffusing in non-symmetric 
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mediums. al s more sensible than the methods of averages, or moments, 
up to th noment, generally: 


r ] (xr) da 


(Obviously the zero moment of a curve of gradient, thus its general 
formulation having been established integrating from zero to infinity, is 
equal to the half of the area under the curve (curve of symmetry in regard 
to the maximum ordinate)). 

Let us now apply the computation of the coeflicients of the curves, 

l-area » to the experiments (1-7) in which the same racemic salt diffuses 
in a solution endowed with optical activity: the development 


Angular coeflicient 


-tin (H,/Hy) 


of the areas with time is abnormal and we may represent it by means of 
a straight-line quite parallel to the axis of abscissae (axis of the times). 
I.e., there exists an area contribute in the case of diffusion of a bi-dispersed 
compound: it is a new experimental demonstration of the non coincidence 
of the curve of gradient with the normal curve, thus an indication of non- 
homogeneity, i.e. of resolution into the antipodes, obtained in a different 
way from that exposed in [2]. The results of the two methods of investiga- 


tion, given in the last two columns of Table II, agree perfectly, keeping in 


mind that in the two cases the normality of the Gaussian distribution curve 
is indicated inversely by a clearly negative coefficient or by a coefficient 
near zero. 


Acknowledgments — The author is indebted to Professor G.B. Bonino 
for his interest in the work and discussion. 
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1 of the time as an association complex with the saccharose 
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The ionie properties and thermochemistry 


of addition compounds of gallium trichloride 


and tribromide 


NORMAN N. GREENWOOD 


The University, Nottingham England 


Summary: GaCl, and GaBr, are ionic solids which conduct electricity well near the 
melting point but which form molecular liquids (Ga,X,) of appreciably lower conductivity 
Both halides form a variety of addition compounds in which the donor atom can be Cl, Br, 
O, N, P or As. Many of these complexes are good electrical conductors when molten and 
measurement of their specific conductivity, viscosity and density leads to the conclusion 
that they are dissociated to the extent of about 1 % into kinetically free ions; the rest of 
the melt is presumably associated into ion pairs or larger aggregates. Evidence for the va 
ious modes of ionization are discussed 

The heat of formation of several typical crystalline complexes has been determined 
(e.g. the complexes of GaCl, with POCI,, MeCOCl, Me,CO, E1,0, pyridine, piperidine, PCl,, 
AsCl,; and of GaBr, with pyridine). In conjunction with vapour pressure and vapour density 


data, such information leads to an approximate sequence of bond strengths in the gas phase. 


This lecture summarizes some of the results obtained during an in- 
vestigation into the chemistry of gallium which has been carried out over 
the last 2-3 years in collaboration with Dr. K. Wade, Mr. P. G. Perkins 
and Mr. I. J. Worrall. The talk is divided into two parts: 


(i) The structure and properties of the addition compounds which 
gallium trichloride and tribromide form with a variety of ligands; 


(ii) the thermochemistry of the donor-acceptor reactions involved. 


\bout a dozen ligands have been investigated and some 20 new com- 
pounds have been established by phase diagrams and other techniques. 
lypical results are shown in fig. 1 which illustrates four types of m.p. dia- 
gram obtained on systems with gallium trichloride. With phosphorus tri- 
chloride there is only slight interaction and the diagram shows an incon- 
gruent compound melting at 28°[1]. Acetyl chloride is a stronger donor 
and gives a maximum at 86°, but this is still fairly broad, indicating some 
dissociation [2]. Phosphorus oxychloride is yet a stronger ligand and not 
only is there a sharp 1:1 compound at 118° but also a slight indication 
of a compound with 2 moles of POCI, melting incongruently at 77° [3}. 
Finally in fig. 1, piperidine has been chosen as an example of a very 


strong electron donor; there are two well defined compounds in this sy 
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stem melting at 134° and 112° [4]. There is therefore a trend to higher m. 
p. with increasing strength of reaction and this trend is paralleled by an 
increase in the heats of reaction. 

A fuller list of the compounds studied is given in Table 1 which elassi- 
fies compounds with gallium trichloride and gallium tribromide under the 
actual donor atom in the ligand. One curious point which arises from this 
table is the great similarity 
in m.p. of analogous com- 150 
pounds, e.g. GaCl,. POCI, m.p. 
118°, GaBr,. POCI,m. p. 115°. 
With pyridine as ligand the si- pm 

ae ~ 
milarity also extends to tom- yMecoci *. 
plexes with aluminium tri- } | 
chloride and tribromide which 
melt at 1179-1189, [5] the gal- 
lium compounds melting at 
126°. 

It becomes of interest to 
enquire what the structures 
of these compounds are. A 
variety of techniques has been 
employed to this end and so- = 
me of the results are summa- mole % of ligand 
rized in Table 2. With acetyl ; Phase Diagrams of Systems with GaCl, 
and benzoyl chlorides [2], io- 
nization occurs to give RCO* GaCI,. Thus the acetyl compound acetylates 
itself on fusion and, when added to benzene, gives a rapid and substan- 
tial yield of acetophenone. The benzoyl derivative, which has been known 
for some time [6], is stable and has x = 10~* ohm~' cm", i.e. a thousand 
times greater than for gallium trichloride itself and more than 10* times 


100 


larger than for benzoyl chloride. 

The structure of the triphenylmethy! derivative [4] follows from the 
fact that the addition of gallium trichloride to (colourless) triphenylme- 
thy! chloride in carbon tetrachloride gives an immediate precipitate ha- 
ving the characteristically yellow colour of the cation Ph, 

Evidence for the structure POCIT GaCl; has come from the Raman 
spectrum of the molten compound which was investigated in collaboration 
with Dr. L. A. Woodward of Oxford [9]. Ten lines were observed, four of 
which corresponded in position and polarization to the known spectrum 
of the tetrahedral anion GaCl7, and the other six of which corresponded 
to the six lines expected for the cation POCIZ. The electrical condu- 
ctivity of the molten compound is also high [3] though not so great as that 
of a true molten salt such as gallium dichloride, Ga*GaCl- | 10-* ohm 
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Veiting point of complexes 


Structure of complexes 
lial " Donors 


elf-acetyiation; Friedel-Crafts on benzene 
Friedel-Crafts; x 1.08 10) , ohm 
yellow colour. [4 
Raman; x 

POC ” GaClBr by analogy, c m.ps 


POBr,* GaBr, by analogy: x 1. 


, itself 
ya 0.0019 . ’ "ys R im spectrum of liquid 


shows lines of Ga,Cl, 


cm") [8]. This may be related partly to the difference in size and hence 


mobility between Ga* and POCIZ and partly to a tendency to form ion 
pairs in the case of the less electropositive non-metal cation POCI}. The 
similarity in m.p., conductivity, and other properties prompts us to for- 
mulate the corresponding complexes of gallium tribromide with phospho- 
rus oxychloride and oxybromide analogously [7]. Here, the GaBry ion 
is known but GaClBry and POBry are new ions. 

lhe last compound listed in Table 2 is gallium trichloride-phosphorus 
trichloride. [1]. This has quite different properties from those of the prece- 
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ding complexes: it has an incongruent m.p. and negligible conductivity, 
and is best considered as having a simple donor-acceptor bond to give an 
« ethane-like » molecule in the solid phase; in the liquid phase the Raman 
spectrum shows only the lines of the parent species Ga,Cl, and PCl,. [9]. 

rhe complexes of the gallium trihalides with pyridine and piperidine 
istration the complex GaCi,. 


pose an interesting problem. Taking for 
C,H,N, one might at first think the compound had the simple structu- 
re (1) in which the nitrogen lone pair of electrons is donated into the vacant 
gallium orbital. However, this is unsatisfactory because it leaves unac- 
counted both the high electrical conductivity of the melt and the ready 
formation of a 1 : 2 compound as well as the 1 : 1 complex. lonization of 
a chloride ion (2) is unlikely since this leaves the gallium atom electron- 
deficient in the presence of a strong donor, Cl-, (cf. Ga,Cl,). The cation 
[pyGaCl,|* could, however, be stabilized by addition of a second mole 
of pyridine and this is, in fact, the structure proposed for the 1 :2 com- 
pound (6). 


The ionization of a hydrogen ion (3) is also untenable, for the follo- 


wing reasons: 

(i) no hydrogen is evolved on electrolysis (even with the piperidine 
complexes); 

(ii) there is no means of solvating the proton, except by interaction 
with the chlorine atoms, which appears unlikely. One would therefore ex- 
pect from this structure the characteristic instability of anhydrous ionic 
acids instead of the observed stability. 
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(iii) solvation with a second mole of pyridine would be possible to 
give a 1 :2 compound (5) but then this would be more stable than the 
: 1 compound. The reverse is true: pyridine can readily be pumped off 
the 1 :2 complex in vacuum to give the 1:1 compound which is stable 
enough to be distilled unchanged at temperatures well above its m.p. All 
the experimental facts are consistent with structure (4) which is based on 
the Ga,Cl, dimeric structure. Structure (4) is also consistent with the in- 
fra-red spectrum of the corresponding complex BCI;.C;H,;N which is also 
stable and ionic and, surprisingly, contains the BCI> anion [10]. The 1 : 2 
complex would then be the corresponding chloride (6), the relative insta- 
bility of this complex being possibly related to the disparity in size bet- 
ween the cation and anion. However, the evidence so far obtained does 
not rigorously exclude structure (7) for the 1 : 2 complex, though octahe- 
dral coordination is less common than tetrahedral for gallium. 

The second section of this lecture is concerned with the thermochemi- 
stry of these compounds. A calorimeter has been designed [11] to deter- 
mine the heat of formation of these very reactive crystalline complexes 
using the following typical reaction sequence: 


GaCl, (c) + (x + 1)POCI, (1) GaCl,. POCI, (in xPOCI,); 
AH 11.00 + 0.01 keal.mole~’ 


GaCl,. POCI, (¢ rPOCI, (1) GaCl,.POCI, (in xPOCI,); 
AH 0.83 -. 0.01 keal.mole~’ 


GaCl, (c) POCI, (1) GaCl,.POCI, (c); 
\H 10.17 0.02 kcal.mole 


Che heat of solution of crystalline gallium trichloride in excess pho- 


sphorus oxychloride is 11.00 kcal.mole~*. Similarly the heat of solution 


of the crystalline complex is 0.83 kceal.mole~*. Since the final state is the 
same in both reactions, the heat of reaction of crystalline gallium trichlo- 
ride with liquid phosphorus oxychloride to give the crystalline 1 : 1 com- 
plex is found by difference as 10.17 kcal.mole 

When the heats of vapourization of the donor (8.4 kcal), the acceptor 
(8.5 kcal) and the complex (15 keal as determined by vapour pressure 
nieasurements) are incorporated the heat of the gas phase reaction is 12.1 


kcal.mole—': 
Li, Ga,Cl, (q) POCI, (q) GaCl,.POCI, (q); AH 12.1 keal.mole 


In other words, the chlorine atom in phosphorus oxychloride is a better 
donor than the chlorine atom in gallium trichloride by 12 kcal. From the 
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energy of dimerization of gallium trichloride (—- A H 10.5 keal per mole 
of monomer) the heat of reaction between monomeric gallium trichloride 
and phosphorus oxychloride to give the complex in the gas phase is 22.6 
keal.mole—': 


GaCl,(g) + POCI, (gq) GaCl,-POCI, (g); — AH 22.6 kcal.mole~’. 


However, all this energy does not reside in the Cl+Ga bond because of 
concurrent reorganization within other parts of the molecule, or ion pair. 

Similar results have been obtained for several other complexes [12]. 
Table 3 summarizes the heats of formation of crystalline complexes from 


TABLE 3. - Heat of formation of crystalline addition complexes from Cax (c) and Ligand (1) 


Complex ~ AH keal.mole— Comple AH keal.mole—! 
GaCl,.PCl, GaCl,.2py 

GaCl,.MeCOcl GaCl,.; 

GaCl,.POCI, 2 GaCl,.2pi; 

Gat ly. Me,CO 5s Gacl, 


GaCl,.Ft,0 5 GaBr,.} 


crystalline gallium trichloride and the appropriate liquid ligand at 25°. 
Points to be noted are: 

(i) the unstable complexes with phosphorus trichloride and acety! 
chloride have low heats of formation which, when corrected for the entropy 
change, give small negative. values for — AG, indicating a balanced equi- 
librium favouring the unco-ordinated reactants; 


(ii) the complexes with phosphorus oxychloride, acetone, and ethy! 


ether are formed with much less evolution of heat than are the complexes 
with pyridine and piperidine; 

(iii) the second mole of pyridine or piperidine is added with much 
less heat than the first; 


(iv) the heat of the donor-acceptor reactions with piperidine is 
greater than the corresponding heat for pyridine, as expected. This is 
associated with the removal of aromatic character of the heterocyclic ring 
on saturation; 

(v) the heat of reaction of pyridine with gallium trichloride is less 
than that for reaction with the tribromide. This is a general trend which 
holds not only for the trichlorides and tribromides of gallium and alumi- 
nium but also for boron trifluoride, trichloride and tribromide; 


(vi) the heats of addition of pyridine and piperidine to gallium tri- 
chloride are very much less than the corresponding heats of addition of these 
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ligands to boron trichloride (40.6 and 84.0 kcal.mole~* respectively {10}. 
However, there is no 1 : 2 complex in either of the systems with boron 


trichloride. 
It is hoped to extend these results and discuss them in more detail in 


forthcoming papers. 
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DISCUSSIONS 


Schwarzenbach ( Ztirich) 1) Is there also an addition product between P( l, and GaCl, ? 
Are the two following compounds the same (because of quick exchange of the halogens) ? 


POCI,. GaBr, 


POBr,. GaCl 


Greenwood. 1) We have prepared an addition compound between gallium trichloride 
and phosphorus pentachloride but have not yet investigated its properties in detail. 

2) We have not made the complex GaCl,. POBr, but the phase diagram of the system gal- 
lium tribromide-phosphorus oxychloride shows no evidence of halogen exchange; there is a sin- 
gle well defined maximum at 50 mole % ligand and eutectics at 33% and 84%. This together 
with the fact that the 1:1 complex melts sharply at 115° suggests that the system contains 
only one addition compound rather than a mixture of chloro-bromo complexes 


Hoppe ( Miinster) Is there a difference in the behaviour of Jn¢ i, and Gacl, against POC l, 
o. or is there no difference ? 


Greenwood In general there is a tendency for indium trichloride to complex with three 
moles of ligand, through 1 : 1 and 1 : 2 complexes are also known. There is no evidence at pre- 
sent as to the structure of these complexes 


Klemm (Miinster) - 1) Es wird nach der Leitfahigkeit von GaCl, und GaBr, im festen 
Zustande gefragt. 2) Ist der Volumensprung beim Schmelzen von GaCl, und GaBr, gross ? 


Greenwood 1) Solid gallium trichloride and tribromide are ionic solids with a conducti 
vity of about 2.10—*° ohm! cm~? near the m.p. Both compounds change over to dimeric 
covalent liquids on melting and the conductivity drops by more than a power of ten (a). This is 
similar to the behaviour of phosphorous pentachloride and aluminium trichloride which are also 
ionic solids which melt to give covalent liquids. 2) The increase in volume on melting is normal, 
and not anomalously large as in the case of aluminium trichloride (0): 


(a) N. N. GreEENwoop and IL. J. Worra.t, « J. Inorg. Nuclear Chem. », 3, 357 (1957). 


(b) W. KLEm™M Z. anorg. Chem. », 152, 295 (1926). 


The system ALCL, -POCI, 
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Summary: The 7-x diagram of the system A POCI, is investigated. Three 
compounds are found: 


11Cl,. POCI,; AICl,.2POCl, and A/Cl,.6POCI,. 


The last composition supports the solvate bound theory for POCI, complexes. 


INTRODUCTION. 


Many complexes are reported between POCI, and polyvalent chlo- 
rides. The mechanism of this complex formation still forms an unsolved 
problem. At this moment there are two theories about this matter: 

I. The complex formation is caused by a Cl~ ion transfer [1], 


POCI, + AICL, —»+ POCIZ + AICG 


II. The complex formation is caused by a solvate bond [2]. 
Cl 
Cl,P — 0| + AICI, — Cl.P — 0| ... Al-Cl — Cl,P —O 
4 


j Cl 
CLP O 


COMPLEX FORMATION BETWEEN POCI, anv AICI. 


From the reaction between POCI, and A/CI, only one compound of 
the composition A/CI,.POCI, is mentioned in the literature. The older 
reports of Casselman [3] are confirmed by Gutmann [4], who described the 
following procedure for the preparation of this complex: 

AICI, is dissolved in POCI, and the excess of POCI, is removed in 
vacuo leaving a white solid with a melting point of 165°C. 
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On heating one mol. POCI, with one mol. A/Cl, in a sealed tube, we 
found that this mixture had a much higher melting point, viz 186,5° C. 
From a solution of AICI, in methylcyanide a compound crystallised of the 
composition A/CI,.2CH.CN. ° or 1/Cl, is dissolved in 50 gr. CH,CN 


at room temperature. On cool- 
ing till + -10°C white crystals of 
\“ the composition A/Cl,.2CH,CN 


s 


precipitated. Since in our opin- 
ion the behaviour of POCI, is 
exactly the same as that of 
CH.CN [2] (theory I]), we de- 
cided to investigate the freezing 
point diagram of the system 
1/Cl.-POCI,. Confusion about 
the composition and _ possible 
existence of more than one com- 
plex between A/CI, and POC), 
could be responsible for the dis 


crepancy of the melting points. 


l-x pIAGRAM AICI,-POCI, 


It was not possible to de- 
termine the 7-x diagram with 
cooling curves, since mixtures 
of AICL, and POCI, tend to su- 
per cooling. This is a common 
feature lor systems containing 
POCI, [5], For this reason the 
following method was used: mix 
tures of AICI, and POCI, were 
placed in sealed tubes. Each tube 
contained about 10 gr. of a mix- 

ture. The tubes were now placed in a thermostat and at several tempe- 
ratures the liquid-solid equilibria were observed. With this procedure 
the molting point diagram under its own vapour-pressure of the system 
AICl,-POCI, was obtained. 

The diagram shows a maximum at 186,5°C for the composition with 
390 mol. % POCI,, representing the compound A/CI,.POCI,. Between AICI, 
and A/CI,.POCI, an eutecticum is found at 115°. The exact composition 
of the eutectic point is difficult to find due to the sharp fall of the L-S 
curves. We expect it to be situated between 35 mol. % and 37 mol. % POCI, 

At 66.7 mol. % POCI, a second compound A/CI,.2POCI, is found 
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with a melting point 164°C, very close to the eutectic point between 
AICl,. POCI, and AICl;.2POCI, being at 159° to 160°C and at the compo- 
sition 64 mol. % POCI,. 

The compound AICI,.2POCI, is confirmed by analysis of the solid 
phase at 60°C and 20°C of mixtures containing about 80 mol. % POCI, 
(points marked X in thé figure). The mixtures containing more than 67 
mol. % POCI, do not crystallise completely on cooling to lower tempera- 
tures: the remaining liquid forms a giassy mass. In the tubes containing 
more than 88 mol. %, POCI, no crystals are formed on cooling but only 
the glassy mass mentioned before is found. These last tubes, containing 
a liquid only at room temperature, were suddenly cooled in a CO,-ace- 
ton mixture till-70°C. After this treatment they were left in air of 20 
to warm up slowly. At a certain moment a white precipitate formed that 
did not disappear at room temperature. On carefully warming in a ther- 
mostat the precipitate diminished slowly to disappear at 41° to 42°C. 

\ remarkable point was that at room temperature the amount of 
the precipitate in these tubes was so large and the amount of remaining 
liquid so small that the precipitate necessarily contained a large amount 
of POCI,. The tubes were now opened at room temperature (points mar- 
ked X in the figure) and the white precipitate filtered and analysed. 


{ P 
Analvses found 2,57 2.70 ' 17.9 18.2 
A1Cl,.6P0CI, , 2.56 
Aicl POt l 


The composition of the compound agrees quite well with the formula 
AICl,.6POCI,. The crystalline form is leaflike and the compound is very 
sensitive to moisture. 

The tubes between 76 mol. *% POCI/, and 90 mol. POCI, were gi 
ven the same treatment with CO,-aceton. In these mixtures, next to the 
crystals of A/Cl,.2POCI,, the same white precipitate could easily be ob 
served. On carefully warming these tubes the white precipitate disappea- 
red between 43 and 44°C, 

As the contents of these tubes were never completely dry at room 
temperature; they always hold some liquid, there apparently, was not 
an equilibrium between the three phases: A/CI,.2POCI,; AICl,.6POCI, 
and liquid, but only between the last two. 


DISCUSSION OF THE RESULTS. 


The compound reported with a melting point of 165°C is not the com- 
plex AICI,.POCI, but AICI,.2POCI, (melting point 164°C). A/Cl,.POCI, 
does exist and has a melting point of 186.5°C. 
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An interesting point is that with PCl,, which is comparable with 
POCI,, following the Cl~ ion donor theory only the compound A/CI,.PCl, 


is found (°). 

PCl, complexes of polyvalent chlorides can be prepared by precipi- 
tation from POC!, on mixing the POCI, solutions of the two components [6]. 
This is an indication that the complex formation tendency with PCI, is 
stronger than with POCI,. It is not clear, if in both reactions the same 
mechanism is used, why no compound can be found with PCI, according 
to the complex A/CI,.2POCI,. 

\bout the identity of the compound A/Cl,.6POCI, there can be no 
doubt. Here it is not possible to use a Cl~ ion donor mechanism for the 
structure. 

Che solvate bond can without any difficulty explain this compo- 
sition as is shown in a comparison with complexes as A/C1,.6NH, and 
1/Cl,.6H,0. 


l-x diagram, W. Fiscuer and O. JC se RMANN Z. anorg. allg. Chem. » 285, 377 (1938) 
b) With preparative efforts and with conductometric titrations no other composition could be found 


W | (;roeneveld (not published) 
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The compound P, NCI. 


WILLEM L. GROENEVELD, JAN H. VISSER, ANTONIUS M. J. H. SEUTER 
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Summary: With the reaction between N,S, and Pt a new compound was pre- 


; 
pared of the composition P,NCI,. With X-Ray analysis the compound was found to be 


identical with the product of a reaction between (PN( ; ind PCl,. A structure con- 
taining PNCI, and PCi,+ ion is suggested. 


[HE REACTION BETWEEN PCI, ann N,S,. 


On the addition of an excess of PCI, to N,S,, sometimes spontaneous, 
sometimes after a little heating a reaction took place, during which the 
solid N,S, disappeared in solution and a white precipitate was formed. 
The precipitate reacted vigorously with water. With qualitative analysis 
of the water solution of the compound only N, Cl and P could be found. 
No sulphur was present. The quantitative analysus gave the composition: 


Cl — 75,6 %, P— 18.7 %, N — 4,5 %, (together 98,9 %) correspon- 


ding to Cl: P: N as 7,05: 2: 1,06 which is very near to P,NCl, being 
Cl — 76,6 %, P 9, 2 1.3 %. 


lHe ComposiITiION P,NCl,. 


The suggestion was made that this compound could be understood 
as a complex between the components PNClI, and PCI,. 

A reaction between N,S,, SOCI, and PCI, is reported, [1] resulting 
in the compound (PNCl,),. If only SOCI, is added to N,S, the mention- 
ed [1, 2] products are S,N,C/ and SN,O. Though the role of SOCI, in 
the first reaction is not known, there is a possibility of the formation of 
PNCl, in a N,S, — PCI, reaction. 

The precipitate formed was certainly not a PNCl,-polymere as for 
the reaction with water, which is very much like the reaction of PCI, 
with water. 

Heating the compound in vacuum at about 150°C a yellow-white 
sublimate of PCl, was formed. 


In a reaction between N,S, and PCl, forming (P?NCi,),, the formation 
of PCl, is very well possible: 
N,S, + 4 PCl, —+ 4 PNCl, 


4 


The elements sulphur and chlorine as well as the combinations (sul- 
phurchlorides) react easily with PCl, giving PSCl, and PCl,. 


THE REACTION BETWEEN PCl, AND (PNCI1,)s. 


In a sealed tube a mixture of one mol (PNCI,),, three mol PCI, with 
some POCI, as a solvent was heated at 250°C. The white solid was filter- 
ed and washed with a POCI, 

PCl, mixture to remove the 
remainders of the original 
components. PCI, insoluble in 
POCI, and in PCl,; (PNCl,)s 
is soluble in a mixture of 
POCI, and PCl,; P,NCl, is 
soluble in POCI, but slightly 
soluble in PCl,. 

The product gave an ana- 
lysis of about 19,8 % P. 

An X-ray diagram of this 
product was compared with a 
diagram of the N,S, — PCl, 
reaction-product. 

The two diagrams leftno 
question about the correspon- 


dence of these two products. 
A PCl, and a (PNCIl,), dia- 


gram proved the formation of 


a new compound. 


THE STRUCTURE OF THE COM- 
POUND PNCI,.PCI,. 
The complex is soluble 

in POCI, and CHCl, but only 

slightly in PCl,, CCl, and 

C,H,. This might be an indi- 

cation for a polar character 

of the compound. 


rHE COMPOUNI 

As PCl, is a strong Cl- ion donor and a weak Cl” acceptor it is temp- 
ting to presume a Cl~ ion transfer from PCi, to PNCI,. 

Phosphorus trichloride is known to be one of the compounds that 
can easily use their lone electron-pair for bond-formation. PCl, takes 
up oxygen from the air [3] in the cold to give the very stable compound 
POCI, and reacts with sulphur to give PSCI,. Formally we could discribe 
these reactions with the formula 


The system X) need not be a neutral atom, The ion PC/{ can schematically 


be formed by the reaction: 


in which Cl ~ is originated by the extraction of an electron from a Cl- 


atom 


If we start with an atom with 5 electrons in the outer shell like N, 
the addition of an electron gives again a group X that could originate with 
PCI, a system iso-electronic with POCI, and PCij but negative charged. 

The formed system would be: 


Cl Cl 
Nor Cl) P| N (possibly 
Cl Cl 


and could have a reasonable stability according to the experience with the 
stability of POCI, and PClj. 


GROENEVELD, JAN H. VISSER, ANTONIUS M Jl. H. SEUTER 


Though polymere ions (PNCI,);" 


are possible, the preference of phos- 
phorus for the four-coérdination supports the structure PNCI;.PCI} for 
the compound PNCl,.PCl;. 
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Cianuri di cobalto dipiridilici e fenantrolinici * 


LIVIO CAMBI £& ERNESTINA PAGLIA 


Istituto per la Laurea in Chimica Industriale dell’ Universita di Milano — Italia 


Riassunto: [La ricerca riguarda principalmente i seguenti complessi: 
Derivati da Co(CN), 


; | 


; (fen),Co(CN), £53 (dip) n Co(CN), | 


dove n varia a seconda delle condizioni di esperienza tra 1 e 2. 

Il sale fenantrolinico é pit: stabile dei derivati dipiridilici e presenta caratteri costanti 
con suscettivita U eff 1,7-1,8 M. B. per 1 Co a 20°. I sali dipiridilici a seconda delle con- 
dizioni di preparazione presentano comportamento divers: i) con paramagnetismo di 
circa 1,8 M. B. per 1 Co a 20°C, B) con paramagnetismo da 3,6 a 4,3 M. B. per 1 Co a 
20% 

Il complesso fenantrolinico e quello dipiridilico con paramagnetismo pit elevato, su- 
biscono un processo di ossidazione e decomposizione che reca principalmente ai complessi 
del tipo 11) qui sotto indicati. Per contro, il cianuro dipiridilico a basso paramagnetismo su- 
bisce principalmente l’ossidazione ad opera dell’ossigeno atmosferico per dare il sale del 
tipo IV), pit oltre descritto 


Il) Derivati da Co,CN), 


}) (UNN), Cog (CN), :, ottenuti per l'autossidazione e decomposizione predetta del cia- 


nuro fenantrolinico e di quello dipiridilico B) sopra indicato (Indichiamo con DNN una 


mole di a, a’ -dipiridije, oppure di 0,o’-fenantrolina); sali probabilmente trinucleari con 


rapporto 2 Colll/1 Coll, paramagnetici: Ue = 5, 5,25 M. B. per 3 Co a 20% 
III) Derivati da Co(CN), 


; (ONN)n Co(CN), ‘ , dove n 1,5 con il dipiridile e 2 con la fenantrolina. Sali cobal- 


tici, stabili, diamagnetici, probabilmente binucleari. 
IV) Derivati da Co(CN),OH 


) (dip)i.s Co(CN),OH |, prodotto per ossidazione diretta del derivato dipiridilico di 
tipo A). Sale cobaltico, stabile, diamagnetico, probabilmente binucleare 

I} sale si decompone con HClO, concentrato per generare il diidrosso di-dipiridile-co- 
balti-perclorato [(dip), Co(OH),} Cl0,. 
V) Acido Colll-tetraciano-dipiridilico. 


[(dip) Co (CN),] H. ll sale potassico é stato ottenuto dall’idrossosale sopra indicato 


e KCN in soluzione acquosa; cobaltico, diamagnetico, reagisce con i Colll e Coll alo- 
genuri tipo Blau per produrre l’idrossocianuro. 
Vl) Cianurazione con HCN 


Nel corso delle esperienze di cui sopra sono state individuate le cianurazioni dei sali 
di Co2+ con acido cianidrico. Ad es, dall’acetato in mezzo acquoso, la cianurazione porta 


il noto cobalticianuro } 


» Cog (CN)ag : In presenza di dipiridile il processo conduce al com 


plesso ; (dip), Cos(CN), fs in presenza di fenantrolina, sempre dall’acetato, si attua la cia- 


nurazione completa a } (fen), Co (CN), |. In tutti questi processi si manifesta in generale 
la reazione intermedia totale o parziale rispetto a Co2+, secondo lo schema: 


Coll (CN), + HCN » Colll(CN), H) 


(*) lticerca eseguila presso il Centro di Chimica Metallurgica del C.N.K. dell"Universita di Milano. 
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5 uesta nota riguarda lo sviluppo attuale delle nostre ricerche 


sui cianuri di Co che fanno parte dell'insieme dei lavori compiuti presso 


questo Istituto sui complessi fenantrolinici e dipiridilici da un lato [1], « 
dall’altro sui complessi delle gliossime [2], dei triazoli [3], del benzoimi- 


dazolo e benzopirazolo [4]. 

[ lavori cui accenniamo sono soprattutto diretti a definire le variazioni 
di valenza, di coordinazione, di reattivita del Co e Co™ rispetto alle so- 
stanze coordinanti azotate. Questo argomento ha di recente assunto partico- 
lare interesse nei riflessi dei complessi di cobalto presenti negli esseri viventi. 

Esponiamo i risultati finora acquisiti pid interessanti per l'ulteriore 
sviluppo della ricerca 

In merito alla composizione, dobbiamo osservare che in generale i sal 
di cui ci occupiamo offrono la difficolta della variazione dei rapporti fra le 
basi ed il Co. Si possono presentare, per uno stesso cianuro, associazioni 
variabili da una fino a tre moli di base per 1 Co. Il rapporto di frequente 
supera il limite della coordinazione semplice presumibile. Non possiamo 
respingere, fra l’altro, l’ipotesi dell’intervento dei cosidetti clatrati. 

futti i sali, del tipo dei complessi interni, da noi ottenuticristallizzano 
da solventi acquosi e contengono acqua di cristallizzazione. La deacqui- 
ficazione nel vuoto, per Je temperature richieste, ha recato in alcuni casi 
sensibili alterazioni delle proprieta chimiche. Si é verificata anche, come 
per altre serie di complessi delle basi in questione, sublimazione pit o 
meno spinta delle basi stesse [5] 

Inoltre, i complessi cui accenniamo sono poco solubili a freddo; si 
disciolgono in solventi che reagiscono con i sali stessi, oppure non adatti 
alle determinazioni dei pesi molecolari. 

le strutture cristalline dei cianuri che descriviamo sono allo studio. 
Finora acquisimmo i roentgenogrammi Debye, soprattutto per stabilire 
identita o differenziazioni di struttura di composti apparentemente iso- 
meri, come indicheremo nella parte sperimentale. 

Infine, le misure della suscettivita magnetica dei complessi che illu- 
striamo vennero limitate alla sola temperatura ambiente, poiché costitui- 
vano un criterio sufficiente in tutti i casi esaminati per la valenza del co- 
balto, indicata anche dalla composizione dei singoli composti. Ci riservia- 
mo pero un piu approfondito studio, almeno per i tipi pit interessanti dei 
sali individuati, in relazione anche al comportamento di altre serie da noi 
studiate. 


y EK opportuno richiamare, per lo sviluppo odierno delle teorie sul- 
la valenza di coordinazione, che L. Cambi e A. Cagnasso [6] riconoscevano 
per primi l'appartenenza dei sali di Blau dei metalli della 1% serie di transi- 
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zione al tipo gia detto dei complessi polari, poiché attestavano appunto 
paramagnetismo dello stesso ordine degli ioni metallici rispettivi (°). 
Questo fatto sembrava allora in contraddizione con i caratteri chimici e 
la stabilita dei complessi stessi, dato che portava ad escludere legami co- 
valenti con la partecipazione degli orbitali 3 d. Facevano ecceZione gli 
alogenuri ferrosi di Blau, diamagnetici o quasi diamagnetici. Dal compor- 
tamento e dalla relativa scarsa stabilita dei Fe“ -complessi stessi, i pre- 
detti AA. avanzarono l’ipotesi che lo stato diamagnetico potesse corri- 
spondere ad assetti elettronici diversi rispetto agli orbitali 3 d. Appariva 
cioé improbabile che ai Fe™ -complessi di Blau potesse attribuirsi lo stesso 
assetto elettronico dei ferrocianuri, come prevedevano le teorie allora do- 
minanti sul diamagnetismo. 

Oggi la discriminazione di cui sopra é riconosciuta in diverse serie di 
complessi, e anche per queste ragioni ci asteniamo dalla discussione ap- 
profondita delle strutture per la quale necessitano ulteriori indagini di 
ordine chimico-fisico. 


3. Nelle ricerche cui accenniamo venne inoltre osservata la minore 
stabilita dei Co™ -sali rispetto ai Co" -sali. Apparve cioé la inversione di 
quanto si verifica in generale nelle esammine cobaltiche. Di recente [7] ab- 
biamo verificato che in effetto l’ossidazion 


(bNN), Co sdb ~ (bNN),Co 


si attua con un potenziale di 0,4 V, mentre quella del Co" -esammonia- 
caté a Co™ -esammina corrisponde a circa 0,1 V. 

La tendenza dei Co’ -complessi fenantrolinici e dipiridilici a ridursi 
si attesta in diverse serie, ma, uscendo dai sali pid semplici, il quadro si 
complica e si manifestano ragguardevoli influenze dei radicali comples- 
santi che intervengono. Ad es. uno di noi [8], nel gruppo dei complessi 
gliossimici ha notato che i Co™ -gliossimo-alogenuri studiati da L. Cambi 
e collab. [9] reagiscono con le basi predette e presentano la sequenza (°*): 


I) Co™ (glioss H), Br, | H ~ o'™ (bNN) (glioss H) Br, 


diamagnetico diamagnetico 


Co™ (bNN) (glioss H) Br, | +- (H) -| Co(bNN) (glioss H,) Br, 


diamagnetico Leff 1.78 M.B 


(*?) Alludiamo ai sali [Ni (ONN),| X,4; [Co(ONN),) X,: | VN),] X,, dove come useremo in se- 
guito, indichiamo con bNN 1 mol. di o,o’-fenantrolina o di a, «'-dipiridile 
(*) Indichiamo con (glioss H,) la molecola della gliossima; « gliossH) e con (glioss) rispettivamente 


i radicali monovalenti e bivalenti delle gliossime stesse. 
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in questo caso la base chelante induce l’inversione (II) del processo di 
auto-ossidazione che dai Co™-gliossimo-alogenuri porta ai derivati di Co". 
Per contro, nel caso della dimetilgliossima, i sali puramente gliossimici dei 
tip! 

Co™ (glioss),H : $Co™ (gliossH),OH | 


generano prodotti di associazione con le basi predette senza variazioni 


della valenza del Co'™. come si verifica ad es. nei derivati stabili e dia- 
magnetici del tipo: 


'Co™ (glioss), H(bNN)! 


I richiami di cui sopra valgono per la discussione della molteplicita 
lelle reazioni dei Co" e dei Co™-ciano-complessi di cul ci occupe- 
remo. Anche se di frequente le basi chelanti in questione portano a ren- 
lere piu stabili le forme di valenza inferiore del cobalto, nei ciano-com- 
plessi non sopprimono la nota tendenza alla ossidazione dei Co" — cia- 
nuri ai Co" -cianuri, come indicano i processi di cui diremo in seguito. 

Infine avvertiamo che questa Nota riguarda i sali complessi deriva- 
bili, dal lato formale, dalla associazione dei cianuri di Co" e Co™ con le basi 
helanti e che si presentano in generale con i caratteri di complessi intern. 
Kimandiamo ad ulteriori comunicazioni le ricerche sui tetracianuri salini 


on gli anioni 
[(dip) Co(CN),|*— ; [(dip)Co(CN),|*~ ; [(dip) Co(CN),}* 


Ci occupiamo ora soltanto del tetracianuro cobaltico che interviene nelle 
reazioni dei Co''-cianuri che consideriamo. 


Derivatt di Co(CN), Le nostre ricerche si sono mosse dallo studio 


del « omplesso: 


\(fen),Co™ (CN), + 2H,O 


riconosciuto da tempo [10] e che presenta suscettivita magnetica corri- 
spondente a u,¢ 1,76 M.B. per 1 Co a 20°, 

Questo sale é significativo. Accenna alla coordinazione 6 di Co", 
con un elettrone spin. Costituisce un derivato sicuro da Co (CN),, mentre 


. . . . . I . Ps 
sono pid dubbi i prodotti finora descritti come Co"-cianuro semplice. E 


anche ragguardevole la stabilita rispetto alla ben nota auto-ossidazione 
che subiscono i cobaltocianuri alcalini. Si diflerenzia comunque nettamen- 
te dai Co"-alogenuri di Blau per l'intervento degli orbitali 3d di coordi- 
nazione indicato dalla suscettivita magnetica. 

Con il dipiridile le manifestazioni sono meno semplici. 
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Dagli alogenuri dipiridilici di Blau con KCN in soluzione acquosa, 
analogamente cioé a quanto operammo con i corrispondenti sali fenantro- 
linici, si precipita un sale dapprima verde-scuro che indichiamo con (A) 
e che corrisponde a rapporti variabili fra 


(A) }(dip) Co(CN,)! (dip), Go (CN),! 


I] cianuro é instabile, sensibilissimo all’ossigeno; é paramagnetico, pari a 
ug da 3,6 a 4,3 M. B. per 1 Co a 20°C.: portato in soluzione acquoso- 
alcoolica a caldo si auto-ossida e si scinde, anche in atmosfera inerte, 
producendo principalmente il complesso 2 Co™': 1 Co" di cui diremo. 

Se si opera invece con Co"'-acetato e dipiridile in soluzione alcoolica 
e KCN, per aggiunta di etere precipita un sale indicato con (B) che, essic- 
cato, assume colore aranciato e che pid di frequente corrisponde a (°) 


(B) (dip) Co(CN), 


con suscettivita di circa u,}. 1,80 M. B. per 1 Co a 20°C (*). 

Anche questo sale é estremamente ossidabile e, in soluzione acquoso- 
alcoolica, all’aria, genera principalmente il complesso cui assegnamo la 
formula di idrossosale pid sotto illustrata 

Nell’auto-ossidazione stessa si genera anche, in rapporti variabili, come 
prodotto secondario, il tricianuro che descriveremo al paragrafo seguente. 

Cioé nelle auto-ossidazioni, ossidazioni e decomposizioni dei cianuri 


di Co™ predetti si possono verificare i tre processi schematici seguenti 


che discuteremo in seguito: 


Il processo (I) predomina col derivato fenantrolinico e con l’analogo 
dipiridilico ad elevata suscettivita magnetica indicato con (A); quelli 
(11) e (III) si attestano con il derivato dipiridilico (B) a pid basso parama- 
gnetismo, con circa 1 spin per 1 Co. 


(*) Il sale corrisponde a quello gia descritto in Rend. Accad me 72 6). L’/abbiamo ot 
tenuto anidro e privo di alcool nel vuoto spinto a 56 

(*) Dal comportamento dei prodotti (A) e (B), dalla tor scettiv ‘ », verrebbe fatto di 
supporre che si presentino due diverse strutture elettroni 

Cioé, il sale (A) corrisponderebbe ai complessi da noi s tati, qu | ditiocarbammato ¢ 
l’'acetilacetonato fenantrolinici con suscettivita magnetica dell'ordine di quella +. Mentre il sale (B 
sarebbe del tipo corrispondente a 1 spin come quello fenantrol 

La difficolta di ottenere allo stato di adeguata purezza precde non ci « sente ) na pil 


approfondita discussione 


Derivat ie Si producol dai Co™ 


clanuri nel processo 
sopra Indl ito l 0-ossidazione e 


di disproporzionamento dei CN 
‘he si al anche in atmosfera inerte, a caldo, in soluzioni acquoso-al- 


‘oolichs yn entrambe basi si ottengono i sali aventi la composizion 


(1) }(DNN), Cos (CN), {+ 4H,O 


rfettamente riproducibili, purificabili. Hanno color 


ciallo albicocco, 
sono paramagnetic] e presentano 


Leet 0,0 + 5,29 M. B. per 3 Co a 20°; 
sono relativamente stabili. Per azione di acido perclorico concentrato 
iale eliminazione della base bN.N, ma 


probabilmente trinucleare del tipo 


onservano |’as- 


7 (CN),Co! (CN), Co (¢ V), Co™ (CN), | 
{ ) - ™ - 

HNN bNN bNN 
| complessi (II) presentano per 3 Co suscettivita identica o quasi a 
izione con lacido percl rico attesta che al- 
iniziali di base é diversamente associata rispetto 


iltre e non partecipa alla fondamentale struttura de 
altresi che 


lla dei prodotti (1). La r 


eno ula delle } molec 


| complesso; in- 
si tratta in effetto di un sale polinucleare, e 


non ad es. 
di un Co™-tetracianuro di (¢ of. 


come diremo in seguito. 


[ complessi in questione vengono aggrediti lentamente a freddo dal 


KCN in acqua, e col dipiridile notammo la formazione del dipiridil-Co™- 


tetracianuro. Cioé, sotto l’azione del cianuro il Co" presente si auto-os- 
: * iii 
sida 1 Co - 


I! processo di formazione dell’assetto Co,(CN), venne da noi inda- 


gato con i sali fenantrolinici; é risultato probabile lo schema complessivo 
» } (fen), Co(CN),§ 2H,0 


> } (fen), Co, (CN), ! 2 (fen) Co (CN) OH} L fen 2 (fH). 
(1) (II) 


I! prodotto (11) venne ottenuto direttamente dalle acque madri da cui si 
era separato (1). Non possiamo affermare che sia di formazione diretta 
primaria, non potendosi escludere |’intervento di un disproporzionamento 
I] itl I 
>Co 


200 con successiva riossidazione. Comunque, il sale 


(II) attesta la presenza di Co” : u.» 1,28 M.B. per 1 Co a 20°C. 
[ sali in questione possono ottenersi anche per azione dell’ HCN. 
Sull’acetato Co"-tridipiridilico in acqua, in atmosfera inerte, si ottiene 


lirettamente lo stesso sale complesso sopra indicato. 
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Deve ammettersi lo schema d’assiem: 
3 [(dip), Co] A, + 8HCN (dip), Cos(CN),! 2 dip + 6HA + 2(H) 


Il processo é cioé simile a quello della formazione del cobalticianuro di 
~ 7F . _— . 
Co” che é stato da tempo individuato da | ibi [ll] e che corrisponde 


allo schema bruto: 


9 CoA, + 12 HCN Co,(CN) 10 HA + 2 (H) 


Nel caso dei cianuri che illustriamo la bas: I inibisce ostituirsi 
dell’anione esacobalticianidrico. 

\i complessi in questione attribuiamo « e pil probabile la struttura 
trinucleare che di frequente si manifest I lazior lei Cr om- 
pit Ss! 


\bbiamo escluso che corrispondano a lanuro 


[Co™ (dip),] + Co" 


icammo infatti che i sali Co'-dipir igiscono su! dipiridil-te- 


tracianuro di potassio per formare lidros an » che descriveremo. 


Si presenta cioé anche in questo caso la difficolta quasi generale di ripro- 
lurre per sintesi diretta dai complessi semplici i polinucleari generati 
lall’ossidazione diretta di Co"-complessi 


IV. 
Derivati da Co(CN), — Ul tricianuro dipiridilico 
}(dip),, Co(CN), | + 2H,0 
venne da noi ottenuto per tre vie diverse, e sempre a composizione e ca- 
ratteri costanti, con identita di Debyegrammi. E giallo limone, cristallizza 


da soluzioni acquose, é stabile. E solubile in acido formico e nel fenolo, ma 


si altera. E diamagnetico. Le reazioni da noi studiate sono 
i) azione dei cianuri alcalini sui complessi Co™-alogenuri 
[Co™ (dip) 3s" - 3CN ~ } (dip) 0° (CN), ! 1 1 45dip 
ii) ossidazione all'aria del Co"-cianuro dipiridilico (B) sopra indi- 


cato. Si genera principalmente l’idrossocianuro di cui diremo, ma appare 
anche il tricianuro come prodotto coliaterale, in schema: 
(dip) Co" (CN 


Il) 4) (dip) Co" (CN), | ss 2 } (dip) Co’ N),{ +2} (dip) Co" (CN)OH | 
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I] processo é pil complicato, come attesta il rapporto 1,5 dip/1 Co che ri- 
scontriamo nei sali isolati. Il monocianuro II) probabile, non venne finora 


isolato. 


iii) per azione di KCN sull’idrossocianuro: la reazione é concorrente 
‘ . . _ I . . . . . . 
a quella che conduce all’anione tetraciano-Co'"-dipiridilico, da noi pure 


individuato. In schema: 
I) } (dip), , Co(CN), OH} + CN >} (dip), , Co(CN)s,{ + OH 


Il) } (dip), , Co(CN), OH { + 2CN > [dip Co(CN),|'~ + OH~ + 0,5 dip. 
Il tricianuro fenantrolinico: 


} (fen), Co(CN)s,| + 2H,O 


venne ottenuto pil agevolmente, e con elevato rendimento, per azione di 
HCN sul Co™-acetato fenantrolinico, cioé in mezzo ad acidita acetica. 

Con la fenantrolina é trascurabile la formazione del complesso 2 Co™: 
Co™ predetto, che invece predomina col dipiridile, come indicammo. 


| processo che si attua in atmosfera inerte, pud schematizzarsi come 


[Co™ (fen),] A, + 3 HCN - } (fen), Co(CN), { + 2 HA (H) + fen. 


I} sale corrisponde al precedente dipiridilico. 

I tricianuri risultano nettamente cobaltici. I] diamagnetismo é conco- 
mitante con lo spettro U. V.: nel caso del sale dipiridilico le bande del di- 
piridile risultano deformate come nei Co''-alogenuri dipiridilici. 

Riguardo alla costituzione dei tricianuri si é presentato il quesito se 
essi non dovessero identjficarsi con gli isomeri cobalticianuri del tipo: 


[Co™ (bNN),] + [Co'™ (CN),] . 


Il dubbio proveniva dal fatto da noi stessi verificato, e cioe che LHCN 
sui sali di alcune Co"-ammine genera il cobalticianuro dell’ammina stessa; 
ad es. con l’etilendiammina ottenemmo il cobalticianuro mono etilendiam- 


minico, 


Preparammo percid i cobalticianuri di Co'’-trifenantrolina e Co’ 


tridipiridile. Essi si scindono quantitativamente con HCIO,: 
[Co(CN),|[Co(ONN),] + 3 HCIO, > [Co(CN),| H, + [Co (ONN),] (C10,)s. 
Questi sali all’esame Debye dimostrano una struttura cristallina affatto 
diversa da quella dei tricianuri che abbiamo illustrato, dai quali si diffe- 
renziano nettamente. 
Per la scarsa reattivita, anche verso KCN, appare probabile un asset- 


to binucleare dei tricianuri, del tipo: 


(bNN) (CN), Co" (CN), Col! (CN), (bDNN)! 
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EK ovvio che su tutti i processi chimici che illustriamo possono influire 
profondamente le molteplici possibili stereoisomerie, che siamo lontani 


dal poter precisare. 


Derivati da Co(CN),OH Idrossocianuro dipiridilico 
} (dip), ,Co(CN),OH | + 2H,0. 


La costituzione probabile venne dedotta dal comportamento chimico, 
oltre che dai dati analitici. Il sale é perfettamente riproducibile. Si caratte- 
rizza anche per la sua solubilita in acqua, a caldo; la soluzione é violacea. 
Cristallino e@ roseo, stabile all’aria, diamagnetico. L’ottenemmo per tre 


vie diverse: 


i) dall’ossidazione diretta all’aria del Co"-cianuro dipiridilico gia 
: 4 


illustrata; 

ii) dalla reazione fra gli alogenuri Co™’-dipiridilici e il tetracianuro 
sopra accennato. In schema sommario, dove il catione intermedio é ipo- 
tetico: 

Ct CN CC) 7 37 
[(dip) Co™(CN)J- + [Co™ (dip)s] 
+ [{(dip), Co™(CN),{,]** + 2H,0 


-» 2} (dip),, Co™ (CN),OH! + 2H* + dip. 


iii) dalla reazione fra i Co" -alogenuri dipiridilici con lo stesso te- 
tracianuro. Il processo é analogo al precedente, ma con |'intervento di una 
evidente auto-ossidazione che richiama quella del processo i) sopra indi- 
cato. 

La costituzione di questo sale é stata oggetto di 
esami. Abbiamo escluso che contenesse un ponte -O0,-. Per quanto poco 
probabile, considerammo |l'ipotesi di un complesso binucleare di Co™ 
con gli spin compensati, fra i due ioni metallici. In effetti il sale é risultato 


nostri numerosi 


cobaltico. 

Non poteva costituire una prova la formazione del Co™-tetracianuro 
con KCN, poiché noi stessi verificammo che il Co"-tetracianuro si auto- 
ossida svolgendo idrogeno per generare il complesso cobaltico. Maggior 
significato aveva la formazione del tricianuro, sempre con ACN, che 
abbiamo illustrata. Il saggio decisivo é stato quello del trattamento con 
acido perclorico, in condizioni in cui dovevano escludersi processi di ossi- 
dazione del Co™. Il sale si scinde generando il perclorato: 


(dip), Co" (OH),| + ClO, 
I 
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che presenta notevole stabilita rispetto ai corrispondenti sali di diidrosso- 
cobalti-dietilendiammina considerati da Lamb e Collab. [12], ma é perfet- 
tamente analogo a questi. Nel trattamento perclorico si genera ac. cobal- 
ticianidrico, che abbiamo individuato anche come sale di Ag. Il processo 


pud schematizzarsi: 


3 }(dip),, Co(CN), OH { + 2 HCIO, + H,0 » 2[(dip), Co(OH),] ClO, 
H,[Co(CN),| + 9,5 dip 


Pertanto la struttura pid probabile del cianuro che consideriamo risulta: 


| (dip) (CN), Co™ (OH), Co™ (CN), (dip) | + dip 


Vi. 
Acido Co™'-tetraciano-dipiridilico. L.’acido 
[(dip) Co™ (CN),) H 
non venne finora da noi isolato; ottenemmo i sali 
[ (dip) Co (CN),| K. 8H,0; [(dip) Co (CN),| Ag. 2H, 0 


Il primo e giallo chiaro, solubilissimo in acqua; il secondo bianco giallo- 
gnolo, insolubile, precipita dalle soluzioni del sale potassico con AgNO. 

Abbiamo riconosciuto il tetracianuro tra i prodotti della reazione tra 
gli alogenuri o |'acetato Co™'-tridipiridilici con KCN, come accennammo, 
ma finora lo attenemmo piu agevolmente dall’idrossosale predetto col pro- 
cesso illustrato precedentemente. | tetracianuri in parola sono oggetto di 


nostre ulteriori ricerche. 
VII. 


Commento la seguente tavola riassume le relazioni fra i diversi 
tipi di complessi da noi ottenuti. 

I} diagramma si riferisce ai sali dipiridilici che presentano un quadro 
pil vasto dei derivati fenantrolinici. 

In merito alle reazioni di cui sopra, oltre al fatto della costante ten- 
denza dei derivati da Co (CN), ad auto-ossidarsi 0 ad ossidarsi a complessi 
cobaltici, oppure cobaltoso-cobaltici, si deve segnalare la mobilita relati- 
vamente notevole dei radicali CN~, attestata dai processi di disproporzio- 
namento che illustriamo. 

Si oppone a tale mobilita l’assetto [Co (CN),|*— che appare come ter- 
mine ultimo stabile, irreversibile nelle reazioni considerate. Abbiamo os- 
servato infatti che l'acido cobalticianidrico é inerte al dipiridile come alla 
fenantrolina, anche a caldo. Le basi si salificano, semplicemente. 
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Inoltre, nello specchio schematico seguente riassumiamo, per il par- 
ticolare interesse che presentano, i processi di cianurazione diretta, ope- 


, 


y A) | (dip), Co(CN), } 


* 
| dip), Co, (C 


Paramagnetici 


* {(dip), Co (CN), OH } 


a {(dip), Co(CN), } 4 


r 4 . 
< (dip) Co (OH), | x 


‘ 


Diomagnetici 


Con le linee tratteggiate si indicano le reazioni probabili e quelle secondarie. 


rata con acido cianidrico, che abbiamo indagato e su cui riferiremo pid 


ampiamente in seguito. 


12 HCN 


La reazione schematica V é quella fondarmentale che si att parzialmente o totalmente nei processi 


di cianurazione considerati 


I processi I) e II) si compiono in mezzo acquoso anche in presenza 
di basi che vengono spostate dai Co" complessi relativi dal CN~: con la 
etilendiammina, esametilendiammina, piperidina, piridina, ottenemmo 
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principalmente i rispettivi cobalticianuri; in assenza di tali basi si attua 
esclusivamnente il processo 1). 

In presenza del dipiridile si attua esclusivamente il processo IT) 
con la fenantrolina quello IV). Evidentemente le basi chelanti bloccano 


parzialmente le valenze coordinative di Co"' e impediscono la forma- 


zione dell’anione cobaltiesacianidrico. 

Lindicazione dei rispettivi processi di auto-ossidazione é ovviamente 
schematica, con (/) non si indica l’idrogeno che si libera. E probabile 
che possa intervenire lo stesso HCN come accettore di idrogeno per gene- 
rare prodotti ammoniaco-formaldeidici. 

Aggiungiamo che oltre le basi chelanti predette agiscono analoga- 
mente altre molecole «leganti» che esporremo in seguito. 

Infine, per l’importanza della misura della suscettivita magnetica 
dei complessi da noi scoperti, e per le interpretazioni relative, riassumia- 
mo nella tavola qui sotto riportata i risultati delle misure compiute. 


Derivati da Co(CN), ™ 20 Lett M. B. 


} (dip), ¢ (¢ N), { 


(dip) Co (CN le | 


(fen), Ce (CN), { ° 2H,O 

Derivati da Cos(CN), * 10° 
> (dip), Co, (¢ N)g i * 1H,O 10.080 
' (dip), Cog(CN), | * 4H,O 11.400 
(Jer), ¢ 0, (¢ N)s ,@ 1H,O 10.620 
} (fen) 


p COg (CN) | . 1H,O 10.660 


Derivati da Co (CN), 1-.° 10° 

’ } 

> (dip)i.5 Co(CN bi? 2H,O 

, (fen), Co(CN), | * 2H,O 
Idrossosali 

} (dip)i,5 Co (CN), OH |* 2H,0 

[ (dig \, Co (OH), ClO, 


Cobaltitetracianuri 


| (dip) Co (CN)¢] Ke 8H,0 


(dip) Co (CN), | Ag * 2H,O 
Cobaltiesacianuri 


[ Co (CN), }[ Co (dip), }* 2H,0 


[ Co (CN e} [ Co (fen )s )}* 2H,O 
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PARTE SPERIMENTALE. 


Premettiamo che la ricognizione dei complessi di cui ci occupiamo, 
particolarmente per quanto riguarda il rapporto Co: CN, ha imposto 
in ogni caso l’analisi completa poiché il dosaggio diretto del dipiridile o 
della fenantrolina, ad es., spostandoli in corrente di vapore in mezzo al- 
calino, ha fornito sempre risultati in difetto anche per il fatto stesso della 
relativa esigua quantita dei composti disponibili. In tutti i casi in cui i 
rapporti Co: C :N: H non corrispondevano ad una esatta composizione 
i sali vennero rimandati ad un ulteriore studio. 


Derivati da Co(CN),. 


l (jen), Co(CN),{. 2H,O — Ad una soluzione acquosa di CoCl, 
e fenantrolina, in rapporti da 2 a 3 moli di base per 1 Co, si aggiunge KCN 
in leggero eccesso sul teorico, a temperatura ambiente sotto forte agita- 
zione e in atmosfera inerte. Si osserva una variazione del colore della solu- 
zione da rosso-arancio a bruno-scuro, poi precipita cristallino il sale idrato 
giallo scuro che, separato al filtro, lavato con acqua e con alcool, essiccato 
a 56° sotto alto vuoto, ha dato i risultati analitici sotto riportati: 


trov. °4 Co 11,22; N 15,98; C 62,00; H 4,14 
per }(CyH,N,), Co(CN),{ + 2H,0 
calc. 11.62; 16,54: 61,55; 3,94; 


X..* 10-* = 1320 use = 1,76 M.B. a 20°. 


Ii sale si anidrifica nel vuoto e assume color rosso-ocra; igroscopico, 
all’aria umida assorbe acqua fino a 3 H,O0:1 Co, ripristinando il colore 
dell’idrato di partenza. Ha tendenza ad assumere, come a perdere, parzial- 
mente la fenantrolina. Con eccesso di base ottennemmo il sale fino a 1Co: 
2,5 fen. Le variazioni del rapporto non influenzano sensibilmente i caratteri 
del complesso e la suscettivita magnetica relativa. Si scioglie in alcool 
acquoso a caldo per generare il derivato di cui al paragrafo (II) seguente. 

Le numerose preparazioni eseguite, anche in condizioni diverse, han- 


no portato sempre allo stesso prodotto; la suscettivita magnetica é oscil- 
lata intorno a up.» = 1,72— 1,83 M.B. per 1 Co a 20°, 


2) }(dip),Co(CN),|. — Alla soluzione acquosa contenente CoCl, 
e dipiridile in lieve eccesso, al rapporto 2 dip: 1 Co, si aggiunge a freddo la 
quantita stechiometrica di KCN sotto forte agitazione e in atmosfera 
inerte. Precipita il sale verde-bruno in forma pastosa che, sempre sotto 
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agitazione, si risolve in polvere giallo-verde, che essiccata nel vuoto spin- 
to a 56° corrisponde a: 

trov. % Co 14,28 
per } (Cyl gN2),Co(CN), 

calc, 13 ,95 


ho, 10° 5627 Use = 3,65 M.B. a 20°. 


3) — }(dip) Co(CN),|. Alla soluzione alcoolica contenente Co"- 
acetato e dipiridile nel rapporto 1 Co:2 dip, si aggiunge a freddo KCN 
in debole eccesso sul teorico, in soluzione acquosa satura. Dalla soluzione 
alcoolica (verde nera) |’etere assoluto precipita un sale verdastro che, fil- 
trato e lavato con acqua priva di aria, assume colore nocciola. Ogni ope- 
razione si effettua in atmosfera inerte. I] composto anidrificato nel vuoto 
ha dato i seguenti risultati analitici: 

trov. ° Co21,72 N 20,39 
per }(Cyf1,N.) Co(CN), 
cale. 2,10 20 .95 


Le, + 10° 1390 Ue 1,81 M.B. a 20° 


( 


I] Derivati da Co,CN),. 


1) — } (dip), Co,CN),{ + 41,0. — Si estrae dalla massa salina, avuta 


per precipitazione con KCN dai sali di Blau Co” -dipiridilici in acqua, 


sciogliendola a caldo in acqua e alcool al 50 °,. Per raffreddamento si 
separa cristallino il sale arancione chiaro insolubile nell’alcool, acetone, 
acido acetico glaciale e nei solventi non polari. Ricristallizza inalterato 
dalle soluzioni acquoso-alcooliche. I rendimenti sono dell’ordine del 70 °,. 
Il complesso, essiccato nell’'alto vuoto a 56°, ha dato alle analisi i seguenti 
risultati: 

trov. Co 16.10: N 20.40; € 53.55; 
per } (Cyl gNg)gCos(CN )g | -4H,0 

calc. 16,35; 20,72; 


hac, « 106 10.080 hen 9,09 M.B. a 20°. 


Lo stesso sale si ottiene anche facendo reagire a freddo VT IICN gas- 
soso, in assenza di aria, sull’acetato cobaltoso dipiridilico in soluzione ac- 


quosa; precipita cristallino. Purificato come sopra, alle analisi ha dato: 


trov.°%, Co 16,76; N 20,90; C 53,16; H 4,30 
per } (Cypl1gN 2), C03 (CN) | -411,0 
calc, 16,35; 20,72; 


- 10° = 11.360 eg = 5,18 M.B. a 200 


CIANURI DI COBALTO DIPIRIDILIC! E FENANTROLINICI 263 


2) — }(dip),Co,(CN), |-4H,O. — Il complesso di cui sopra, spappo- 
lato in poca acqua, per aggiunta di un eccesso di HCIO, al 60 % cambia 
colore diventando rosa chiaro; dopo diluizione con acqua, il sale insolu- 
bile viene separato al filtro e lavato con acqua, infine con Alcool. Purificato 
per ricristallizzazione da acqua e alcool al 50 %, essiccato nel vuoto a 56°, 
all’analisi ha dato: 

trov. % Co 19,42; N 20,93; C 49,63; H 3,43 
per } (Cio ,N2)3 Cos(CN), {+4 H,O 
calc. 19,14; 21,18; 49,31; 3,46 


%oc,*10®—= 11.400 tye = 5,18 M.B. a 20°C. 


3) — }(fen),Co,(CN),{ + 4H,0. Si prepara disciogliendo in soluzio- 


ne acquoso-alcoolica a caldo il Co“ -cianuro fenantrolinico precedente- 


mente descritto. Per raffreddamento precipita il sale in minuti cristalli di 
colore giallo arancione chiaro; é insolubile nei solventi gia indicati per l’a- 
nalogo complesso dipiridilico. Essiccato nelle condizioni predette, alle 
analisi ha dato i risultati seguenti: 


trov. % Co 14,85; N 19,07; C 56,73; H 3,70 
per | (C\,.H,N,),C03(CN), |+4H,O 
cale. 15.01; 19,02: 57,08: 3,40 


Xeon * 10° 10.620; tee 5,01 M.B. a 20°. 
4) — | (fen), Co,(CN),{-4H,0. — Si ottiene per trattamento con acido 
perclorico del sale precedente, analogamente al complesso dipiridilico. Ha 
colore rosa violetto chiaro. E insolubile in acqua, alcool, acido acetico gla- 
ciale. Purificato per cristallizzazione da acqua e alcool al 50%, essiccato su 

P,0, ad alto vuoto a 56° corrisponde alle analisi: 
trov. %, Co 17,62; N 19,66; C 53,52; H 3,14 


Oo 


per }(CyH,N,)3Co.(CN), |+ 4,0 


calc. 17,79; 19.65; 52.95; 3,16 


Asc. * 10° 10.660; ew 9,03 M.B. a 20° C. 


III Derivati da Co(CN), 


1) — } (dip), ,Co(CN),| + 2H,O. — Alla soluzione neutra del cloruro 
cobaltico dipiridilico [Co (dip),] Cl,, si aggiunge un debole eccesso sul teo- 
rico di KCN in soluzione concentrata. Il colore della soluzione passa da 
bruno scuro a giallo aranciato e precipita quasi immediatamente il sale 
giallo vivo diamagnetico, che cristallizza da acqua. E solubile in metanolo 
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e in acido formico e acetico glaciali. Essiccato nel vuoto su anidride fosfo- 
rica a 56° ha dato alle analisi: 
trov. °% Co 14,50; N 20,26; C 52,37; H 4,52 
per (Cy HN); ;Co(CN)s |» 2H,0 
calc. 14,47; 20,62; 
Xe, * 108 16 a 20° 


Lo stesso complesso si ottiene come prodotto secondario nella reazio- 
ne fra KCN e lidrossocianuro dipiridilico di cui diremo. Il tricianuro si 
separa per la quasi insolubilita in acqua, dal Co™ -dipiridil-tetracianuro 
potassico. Purificato da acqua, essiccato come sopra corrisponde a: 


trov. °,, Co 14,62; N 20,38; C 52,80; H 3,65 
per | (CyH,N,.), ;Co(CN), {+ 2H,0 
calc. 14,47; 20,62; 53,05; 3,96 


%.. + 108 8 a 20° 


tesiste all’azione di HCIO, cui si associa labilmente: si elimina I’acido 
per lavaggio con acqua. L’identita dei due preparati é risultata anche con 
l’esame roentgenografico delle polveri: la struttura a bassa simmetria é 
nettamente diversa da quella dei cobalticianuri che seguono. 


2) | (fen), Co(CN),{+ 2H,0. Si aggiunge alla soluzione acquosa 
satura a 0° di HCN, l’acetato cobaltoso t 
acquoso-alcoolica. Il tricianuro precipita cristallino con colore giallo aran- 


rifenantrolinico, in soluzione 


cio chiaro, si purifica per ricristallizzazione da acqua e alcool. E diamagne- 
tico. Essiccato su P,O, ad alto vuoto a 56°, alle analisi ha dato i seguenti 


risultati: 
trov. °% Co 11,02; N 18,78; C 61,02; H 3,95 
per }(C\,H,N,),Co(CN), | + 2H,0 
calc. 11,05; 18,37; 60,75; 3,75 
Z,,+* 108 19 a 20° 


I] sale si comporta analogamente al precedente rispetto all’ 1/CI0,. 

La determinazione del peso molecolare per via crioscopica in fenolo 
ha dato valori di 550-570. Il risultato di per sé non é molto significativo 
per la probabile dissociazione della fenantrolina eccedente la coordinazione 
6 presumibile. 


IV — Cobalticianuri di Co™-tridipiridile e di Co™-trifenantrolina. 


1) [Co(CN),] [ Co(dip),] - 2H,O — Dalla soluzione acquosa debolmente 
acetica del cloruro Co"'-tridipiridilico con cobalticianuro potassico, pre- 
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cipita il sale giallo chiaro, poco solubile in acqua, insolubile in alcool. La- 


vato con acqua e alcool, essiccato ha dat 


trov. ‘ 

per } (Coll, Ny)gCofCn), | +211,0 
cale. 

/,,+* 10° 16 a 20° 


2) [| Co(CNn),] - | Co(fen)s| + 311,0 ttenuto come i] precedente 
dai sale cobaltico-trifenantrolinico. Precipita cristallino, giallo chiaro: 


tro\ 
pel (Cyl aN e)al 0»(¢ N Ne -3H,0 
cal 


Z,..+ 108 6 a 20° 


Si scioglie a caldo in acido perclorico al 30 °, ca. Dalla soluzione si 
separa cristallino, il perclorato Co™-trifenantrolinico. Nella soluzione si 
riconosce l’acido cobalticianidrico. 

Alfesame roentgnografico delle polveri e risultato che entrambi 1 
cobalticianuri predetti sono tetragonali primo con cella elementare di 
latoa 12,51 A; c¢ 16,42 A; il secondo « a 19,45 A; 


Derivalti da Co(CN),OH 


1) — } (dip), ,Co(CN),OH { + 2H,0. Lo abbiamo ottenuto pid age- 
volmente col seguente procedimento: alla soluzione alcoolica di [Co (dip).] 
Cl,, si aggiunge KCN in soluzione acquosa satura, in quantita stechio- 
metrica sotto forte agitazione e in atmosfera inerte. La soluzione assume 
colorazione verde scura intensa; filtrata allaria per la rapida ossidazione 
assume colore rosso arancio vivo. Dalla soluzione letere assoluto preci- 
pita un sale grezzo che viene disciolto a caldo in acqua e alcool al 50 
per raffreddamento, cristallizza lidrossosale rosa intenso, diamagnetico. 
Purificato da acqua e alcool, essiccato come i precedenti alle analisi ha 
dato i seguenti risultati: 

trov. 14,80; N17,44; C51,27; H4,19 
per } (Cy l7,N,), ,Co(CN),OH { -2H,0 
cale. 14,83; 17,58; 51,25; 4,26 
Le, + 108 14 a 20° 


Ii complesso é insolubile in acqua fredda, alcool e altri solventi or- 
ganici; é@ solubile in ac. formico e in fenolo, ma si altera. 


Lo stesso sale ottenemmo facendo agire a circa 60° sulla soluzione ac- 


quosa concentrata del Co"’-dipiridil-tetracianuro potassico la soluzione 
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alcoolica del tricloruro Co''-tridipiridilico. Per raffreddamento l’idrosso- 


complesso cristallizza. 

In presenza di aria, ha luogo reazione analoga, facendo reagire il 
Co™“tetracianuro con il bicloruro Co"-tridipiridilico. 

I sali ottenuti dalle due preparazioni vennero rispettivamente puri- 
ficati da acqua e alcool ed infine essiccati come sopra indicato. 

Le analisi I) corrispondono al prodotto ottenuto dal cloruro di Co™, 
quelle II) al prodotto generato dal cloruro Co"-tridipiridilico: 


I) trov. % Co 14,92; N 17,88; C51,02; H4,39 
II) trov. 14,98; 17,48; 50,90; 4,14 
per }(CyH,N,), ;Co(CN),OH {+ 2H,0 
cale. 14,83; 17,58; 51,25; 4,26 
-24; II) X,-10°=—12 


I sali provenienti dalle tre preparazioni hanno identica struttura, 
desunta dai Debyegramma: sono esagonali con cella elementare di lato 
a 22,8 A; Cc 13,5 A. 


Vil Perclorato di diidrosso-di-dipiridil Co™, 


Il sale 
[(dip),Co(OH),| ClO, 


venne da noi ottenuto nella demolizione dell’idrosso-cianuro sopradescrit- 
to. Si spappola l’idrossocianuro in acqua e si aggiunge lentamente HClO, 
al 60 °%, in eccesso. Si diluisce con acqua e si separa al filtro il sale di colore 
rosa, insolubile. Lavato con acqua e alcool, essiccato, all’analisi ha dato: 
trov.° Co 11,36; N 10,45; C 47,55; H 3,59; Cl7,56 

per [(dip),Co(OH),| C10, 
calc. 11,70; 11,09; 47,60; 3 

Xe, + 108 - 12 


59; 6,94 


’ 


VIII — Co™-dipiridil-tetracianuri. 


1) — [(dip)Co(CN),| K.2H,0. Lo ottenemmo pid agevolmente 
e con buoni rendimenti dall’idrosso-cianuro in soluzione acquoso-alcoo- 
lica e KCN in quantita stechiometrica. La soluzione assume colore giallo 
intenso. Si separa insolubile il tricianuro gia descritto che é prodotto se- 
condario. La soluzione viene portata a secco a freddo nel vuoto. II residuo 
viene ripreso con poca acqua fredda a 0°; dopo nuova filtrazione, si eva- 
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pora a [reddo nel vuoto, e cristallizza il tetracianuro giallo. All'analisi ot- 
tenemmo i seguenti risultati: 


per trov.”,,Co11,70; K 7,98; N 16,96; C34,00; H 4,11 
K[(Cyl1,N,)CO(CN),) + 8H,0 
calc. ,79; 3; 16,74; 33,48; 4,78 
Ze, + 108 16 


Nel vuoto a 56° perde acqua: ottenemmo il sale bi-idrato. 


2) Ag|(dip)Co(CN),| + 2H,0 \lla soluzione acquosa del sale 
potassico si aggiunge quella di AgNO, in lieve eccesso e acidulata con 
I1NO . ll sale di argento precipita bianco. Lavato con acqua ed infine es- 


siccato nel vuoto a 56° ha presentato la composizione: 


per trov. °, €013,05; Aq23,80; N18,36; C35,94; 112,38 
Ag|(CyllgN.)Co(CN),|+2H,0 
eal. 
JZ... + 106 8 


Per il riconoscimento del cobalti tetracianuro é stata da noi usata 
anche la reazione con gli alogenuri Co''-tridipiridilici che generano l'i- 
drosso-Co''-cianuro sopra descritto. 


Le ricerche proseguono. 


Ringraziamo il dott. Cenzo Sironi per il valido aiuto nello sviluppo 
delle presenti ricerche e il dott. Alessandro Vaciago per gli esami roent- 
gehogralic! preliminari compiuti. 
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Neuere Ergebnisse an Aromaten-metall-carbonylen 


ERNST OTTO FISCHER 
Deutschland 


Institut, Universitat Minchen 


H,), liessen sich rotes, 


Viico,) mit Nit 
als 


rch Umsetzung von Nif . 
paramagnetisches (¢ sHs)gNi,(C Or» 
(C,H,),ReH entsteht 


noch Ba- 


Zusammenfassung: Du 
H.NiCO)|, sowie dunkelgriines 


: 

tad vi-metall-carbonyle des Nickels erhalten. Aus 
heligelbliches, diamagnetisches, weder Saure- 

seneigenschaften ifwei cle HH.) ReHi¢ Os Die Reaktion von Cri¢ elles mit Cr(CO), 
di C,H,Cr(CO),. Es beweist erstmals, dass auch Sechsringaro- 
zu bilden vermégen. 


liamagnetisches 


erste Cyclops 
bei 90° und 25 m. CO-Druch 


ergab gelbe magnetisches ( 
' 


chte Ube rgangsmetailkomple xe 


maten mit K oxvd stabile gen 


Es gelang das schon langer bekannte und in der ersten Uebergangsme- 
tallperiode bisher am besten ausgebaute System der Monocyclopentadie- 


nyl-metall-carbonyle durch die Darstellung von dimerem [C,H,NiCO},, wel- 
ches sich dem Bildungsgesetz [1] der Reihe einfiigt, zu erweitern. Den da- 


mit nun gegebenen Stand desselben zeigt Abb. 1. 


Das System der Mono-cyclopentadienyl-metall-carbonyle 
C,H,Mn(CO), (Cy,H,Fe(CO),), Cy,H,Co(CO), [C,H,NiCO), 
rotbraun 


C,H,Cr(CO)s\s 
rot 


f HH. (¢ OO)", 
violettbraun 


subl flissig 
diamagn 


gelb 
> ibl 
diamagn diamagn 


subl. 
diamagn. 


bla grun 


subl 


orange 
subl 
diamagr diamagn 
Cy,H,Mo(CO)s\, 
rot 
subl 


diamagn 


CyH,W(CO),), 
rot 
subl 


diamagn. 


Die neue Komplexverbindung liess sich in einer Synproportionierungs- 


reaktion gemdass 


Nit *(C,Hs), + Ni”(CO), —+ [C,H,Nit*CO], + 2 CO 
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in siedendem Benzol unter N, in guter Ausbeute erhalten [2]. Die purpur- 
roten, in der Aufsicht dichroitisch dunkelgriinen Kristalle sublimieren im 
Hochvakuum bei 80-90°,. Sie sind an Luft gut bestandig und lésen oder 
zersetzen sich in Wasser nicht. Mit iiblichen organischen Solventien wie 
Me thanol, \ther, senzol, Petrol- 
aither ergeben sie tiefrote Lé6- 
sungen, welche sich bei oxyda- 
tiven Einfliissen nach einigen 
Stunden zersetzen. Der Zerset- 


arn rnd 
ee Call ly eel Tele Te) 
zungspunkt liegt unter N, bei , satel — ! Tey 


~ 139°, das Dipolmoment wur- 
de in Benzol zu O Debye gefun- 
den. Die kristalline Verbindung 
ist diamagnetisch. Entsprechend 
der Lage der CO-Banden im /R-Spektrum ist auf eine Briickenfunktion 
der Kohlenoxydliganden zu schliessen. Damit dirfte die in Abb. 2 wie- 
lergegebene Molekelstruktur vorliegen. Fiir die Bindungsverhaltnisse ist 
Kryptonkonfiguration der beiden Metallatome anzunehmen. 

Bei Durchfihrung der Darstellung unter erhéhten Temperaturbe- 
dingungen im Einschlussrohr bei 120°, dem Versuch der reduktiven Spal- 


Strukturmiglichkeiten: 


tung des Dimeren mit Na/Hg in CH,OH wie auch der Sublimation des- 
selben oberhalb 130° liess sich des weiteren ein als Typ grundsatzlich 
neuartiges Tri-cyclopentadienyl-tri-metall-dicarbonyl in dunkelgriinem 
(C,H,),Ni,(CO), in guter Ausbeute erhalten [2]. Die in allen tiblichen orga- 
nischen Solventien mit tiefbrauner Farbe nur massig lésliche Verbindung 
lasst sich ab ~ 140° im Hochvakuum sublimieren und zersetzt sich erst bei 
~ 200°. Sie ist in kristallinem Zustand vdllig luftbestandig und weist da- 
bei Paramagnetismus entsprechend einem ungepaarten Elektron (1,79 
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B.M.) auf. Nach orientierenden Messungen diirfte es sich um eine hochsym- 
metrische, praktisch dipollose Verbindung handeln. Die im Fortschreiten 
befindlichen Untersuchungen legen vorerst eine Molekelgestalt im Sinne 
der Strukturen A oder wahrscheinlicher B der Abb. 3. nahe. Bei letzterer 
waren oben und unten zentrisch auf einen Ni-Dreiring gebundene CO- 
Liganden anzunehmen. 

Vor einiger Zeit waren von uns Cyclopentadienyl-metall-carbonyl- 
wasserstoffe des Cr, Mo und W von der Zusammensetzung C,H,Me(CO),H 
beschrieben worden [3,1]. Der Hydridwasserstoff ist hier acid und reagiert 
mit Basen unter Salzbildung z.B. gemass 


C,H,Cr(CO),H + NaOH —+ Na*[C,H,Cr(CO),}- + H,0 


Andererseits ist auch ein Di-cyclopentadienyl-rhenium-hydrid bekannt, 
welches basisches Verhalten zeigt und sich mit Sauren nach 


(C,H;),.ReH + HCl —-~ [(C,H,),ReH,}"Cl 
umsetzt [4]. Es erschien als Problemstellung interessant, wie das Verhal- 
ten des Wasserstoffs sein wiirde, wenn man in letzterer Verbindung nach- 


traglich CO einzufihren sucht, sodass wieder ein Carbonylhydrid vorliegt. 
Es gelang bei 90° und 250 Atm. CO Anfangsdruck gemass 


(C,H,),ReH + 2 CO > (C,H,),.ReH(CO), 


einen hellgelblichen, sublimierbaren Di-cyclopentadienyl-rhenium-dicar- 
bonyl-wasserstoff (C,H,),.ReH(CO), zu erhalten [5]. Die luftbestandige 
Verbindung lést sich monomer in iiblichen organischen Solventien, weist 


einen Smp. von 111-112° auf und zeigt in Benzol ein sehr starkes Dipol- 
moment von 3,85 Debye. Sie ist in kristallinem Zustand wie in benzoli- 
scher Losung diamagnetisch. Im Unterschied zu den vorerwahnten Hy- 
dridtypen C,H,Me(CO),H und (C,H,),ReH ist sie unléslich in wasseri- 
ven Sauren wie Basen und zeigt damit im Gegensatz zu diesen ein neu- 
trales Verhalten. Der Wasserstoff muss in der Verbindung erhalten ge- 
blieben sein, da der in Benzol monomer geléste Komplex Diamagnetismus 
aufweist. 

Dies legt folgende Vorstellung tiber den Reaktionsablauf und die 
Struktur des neuartigen Cyclopentadienyl-carbonyl-hydrids nahe: Das 
durch Einbeziehung der gesamten x-Elektronen beider Ringe zunachst 
edelgaskonfigurierte (C,H,).ReH, dessen Wasserstoff mit einer direkten 
Bindung zum Metall zentrisch im Bereich von dessen Bindungen zu einem 
der beiden Ringe anzunehmen ist [6] — die zweite ganz entsprechende Po- 
sition am anderen Ring kann durch ein Proton unter Bildung des Kom- 
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plexions [(C,/1/,),Rell,|* besetzt werden — erfahrt durch den Eintritt der 
einsamen C-Elektronenpaare der beiden neuen CO-Liganden eine Aufrich- 
tung des einen nicht von einem Wasserstoff zusatzlich besetzten Ringes 
zu einer o-Bindung um die Radonkonfiguration aufrecht erhalten zu kén- 
nen. Es erscheint als durchaus denkbar, dass hierbei die Méglichkeit einer 
Protonenaufnahme angesichts 


der veranderten Ringstellung eoehepantatinys-chentan Choeshengt-tpaeee. 


verloren geht, sodass ein basi- eens teihiteeni 
sches Verhalten wie im (C,H;), 
ReH nicht mehr auftritt. An- 
dererseits ist aus dem Fehlen des 
Saurecharakters auch zu schlies- 
sen, dass eine Verlagerung des 
H-Atoms in den Bereich der 
CO-Liganden, in dem es bei den 
Cyclopentadieny]- metall -carbo- 
nyl-wasserstoffen des Cr, Mo und 
W angenommen wird [1], nicht 
erfolgt. Die treibende Kraft der (yf) gett(Co) . O69 5 
Gesamtreaktion wird in der Ten- / @) 
denz des Metalls zur Erhaltung 


(Com, ), Rez 


seiner Edelgaskonfiguration ge- 

sehen. Abb. 4 gibt anschaulich 

nochmals diese Vorstellungen sowie die Besetzungsverhaltnisse in den Ver- 
bindungen wieder. 

Aus der grossen Bestandigkeit der Cyclopentadienyl-metall-carbo- 
nyle war schliesslich zu vermuten, dass sich auch Sechsringaromaten mit 
Kohlenoxyd an geeigneten Uebergangsmetallen zu stabilen Komplexen 
vereinigen lassen mussten. Entsprechend der Vorstellung tiber die koordi- 
native Dreibindigkeit des Benzols und seiner Derivate gegeniiber Ueber- 
gansgsmetallen sowie des Maximums der Bestandigkeit bei den monome- 


ren Cyclopentadienyl-metall-carbonylen im Falle des C,H,Mn(CO), war 
vor allem an ein zu diesem isoelektronisches C,H,Cr(CO), zu denken. Fir 


dessen Darstellung fand sich nun ein praparativ sehr guter Weg in der 
Umsetzung gemass 


C,H, p 
Cr(CgH)e + Cr(CO), » 2 Coll Cr(CO), [7]. 
22()0 


Die gelbe, in kristallinem Zustand vo6llig luftbestandige Verbindung 
lasst sich bei 60-90° im Hochvakuum sublimieren und zeigt einen Smp. 
von 162-163°. Ihre thermische Zersetzung beginnt erst oberhalb 210°. Sie 
lést sich vorziiglich in Benzol, Ather, Petrolather, Wasser greift nicht an. 
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Der Charakter als Durchdringungskomplex bestatigt sich im- Diamagne- 
tismus. Wir nehmen ein sechsbindiges Cr(O) wie im Cr(CQO), an. Abb. 5 
gibt die Strukturvorstellung und die postulierten Bindungsverhaltnisse 
wieder. 


Aus der Existenz dieser ersten gemischten Sechsringaromaten-kohlen- 


Molekelgestalt 


-O 


20} 


a a 
| B- Cr° ¢—iC 
_— 

\ Cc 


Bindungsverhdltnisse: 


jd 4s ép 


cr® tTtTtitT TT J = egltgcr(co), Pinmaserae 71h 


oxyd-verbindung eines Uebergangsmetalls ist zu folgern, dass mit Benzol 
und seinen Derivaten ein gemischtes Komplexsystem ganz 4hnlich wie 
im Falle der Cyclopentadienyl-metall-carbonyle zuganglich werden wird. 
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DISKUSSION 


Schwarzenbach ( Ziirich) Gibt es Beweise fir die Verschiedenheit der beiden Cyclopenta- 
dienylringe in der Verbindung (C,H;),ReH(CO), ? 


Fischer - Das ]R-Spektrum zeigt verschiedene C-H Frequenzen, das starke Dipolment 


ist mit zwei noch zentrisch gebundenen C,H,-Ringen meines Erachtens unvertraglich, da CO als 
Ligand praktisch nur ein kleines in das Molekil einbringt. 


New iridium carbonylderivatives. 
Preliminary communication: potassium chloro- 


and bromocarbony liridiates 


LAMBERTO MALATESTA E MARIA ANGOLETTA 


Istituto di Chimica Generale dell’Univer li Milano Italia 


Summary: A new class of carbonyli: cle es is described, that is the 
halogenocarbonvliridiates of the tvpes \ ria Kl iritCo) Br... Kl irtCo)Br.}: 


Ki dri O)Br, 


Iridium forms two carbonylderivatives, i. e. Jr(CO), and Jr(CO), and 
two typés of carbonylhalides /r(CO),X and /r(CO),X, which have been de- 
scribed by Hieber [1]. While trying to obtain the bromotricarbonyliridium 
[r(CO), Br from K,/rBr, at high pressure of carbon monoxide by Hieber’s 
method, we observed the formation of a carbonylcompound of a type dif- 
ferent from those named above. 

Here are the results so far obtained in the research on these new car- 
bonvls. 

POTASSIUM CHLOROCARBONYLIRIDIATE. 


by reacting carbon monoxide at high pressure and a temperature of 
about 170°C on potassium hexachloroiridiate(IV) an almost complete 
transformation of the salt takes place and a crystalline mass, with gold 
shine, is obtained. 

lhis crude product is stable to air, and has a ratio CO/Ir 2/1. Part 
of the chlorine of the crude product, about 1,5 atoms, is transformed in 
hydrogen chloride by dry hydrogen at 500°C. The product can be purified 
from the excess of potassium chloride by crystallisation both from acetone 
or diluted hydrochloric acid. 

he acetone solution has a high electric conductivity; when diluted 
it is pale yellow but, on concentration under reduced pressure, it gradually 
turns red, violet and green, and finally gives a crop of needlelike golden 
crystals. This crystalline compound contains potassium, iridium, carbon 
monoxide and chlorine in the ratio 1/1/2/2.5; the formation reaction is 
likely to be: 
K,/IrCl, + 2CO + 2,5 Cu (press. vessel) = K[/r(CO),Cl,,,] + KCl 4+ 2,5 CuCl 


The figure for chlorine is an average one, actual figures ranging from 
i 


a0 88 2 
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The aqueous hydrochloric solution (X 1 %) 1s dark blue in the cold 
and faint brown when warm. From it crystals can be obtained by addi- 
tion both of strong hydrochloric acid and potassium chloride. In the for- 
mer case a compound is obtained with /r/CO/K/CI ratio 5 
in the latter case a compound with ratio 1/2/0,8/2,5. 

The original carbonyl compound, and the one obtained from acetone, 
have a formula corresponding to K[/r(CO),Cl,,,], to which it may be assi- 


gned temptatively a structure ol the following type: 


No other chlorocarbonylmetallates are known except potassium car- 
bonyl hloroplatinate K[Pt(CO)Cl,} [2] which is much less stable than these 
iridium derivatives and is formed in solution from dimeric Pi(CO)Cl, and 
potassium chloride. 

[his salt, and the corrisponding bromocarbonyliridiate which will be 
described later, are diamagnetic, even if iridium, with an average oxyda- 
tion number of 1,5, probable due to one univalent and one divalent atom, 


should be paramagnetic. Anomalous diamagnetic behaviour is often ob- 


served in many compounds of metals of the two long periods, particularily 
in the solid state and when dimeric or polymeric molecules are present. 

The compound obtained from hydrochloric acid is to be considered 
the free acid H[/r(CO),Cl,,,| containing some potassium salt as impurity, 
and the one obtained with potassium chloride is the potassium salt, im- 
pure for some free acid. 

The potassium salt is stable to air for several days; its acetone and 
hydrochloric acid solution may be warmed for a short time without decom- 
position. Isonitryles displace carbon monoxide quantitatively, aromatic 
phosphines and phosphites do so only partially, forming yellow cristalline 
products which are still under investigation. Alcalies cause decomposition. 
On igniting a partial sublimation of iridium takes place due perhaps to 
the formation of volatile /r(CO),C/. The free acid which is less stable be- 


haves in a similar way. 
POTASSIUM BROMOCARBONYLIRIDIATE. 
The reaction between carbon monoxide and hexabromoiridiate (IV) 


at high pressure and temperature of 150°-180° C gives products analogous 
to those described above. The vield is not quantitative because some bromo- 


POTASSIUM CHLORO-AND BROMOCARBONYLIRIDIATES 


tricarbonyliridium is always obtained. Besides, while with the chloro- 
iridiate we observed only products with CO//r ratio 1 to 2, with the bro- 
moiridiate we obtained both a product corresponding to the formula A[/r- 
(CO),Br,,5] and a product A[/r(CO)Br,). We do not yet understand 
why, under apparently the same conditions, sometime one and sometime 
the other is obtained. 

Both products are very soluble in acetone, much more than chloro- 
carbonyliridiate; from this solvent they can be obtained by evaporation 
as a crystalline product, or precipitated with benzene as long needles. 

rhe acetone solutions have high electric conductivity, the diluted 
solutions are yellow, and turn orange, violet and green when the concentrat- 
ion increases. The crystals are chocolate-brown, with metallic glance. 

The bromocarbonyliridiates are decomposed by water; they are very 
soluble in hydrobromic acid, from which they may be obtained, as free 
acids, by evaporation under red. press. and extraction with acetone. 

They react with liquid bromine giving a tetrabromonocarbonyliri- 


diate(IIT): 


2 K[Ir(CO),Bry.5] + 1,5 Br, = 2 K{Ir(CO)Br,) + 2 CO 
2 K[Ir(CO) Brs] + Br, =2 K[Ir(CO)Br,) 


Chis new iridium (III) carbonylderivative should be considered as a 
dimer: 
Br CO 
Br ones Br 
| Br ‘ Br | 


| 
| 


| CO’ B 
L o 


Only with a structure of this type the iridium(III) reaches his usual 


coordination number of 6. 

An indirect proof for this structure can be found in the fact that the 
potassium tetrabromocarbonyliridiate(lII), boiled with aqueous hydro- 
bromic acid does not give, as aspected, the hexabromoiridiate(II1) even 
in traces, but instead a pentabromoiridiate(III) (red crystals) K,[/r Brg] 


probably: 


th 


mation of this complex ions or the oxidation number f the metal 
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This salt is different from the green pentaaquobromoiridiate descri- 
bed in the letterature [3]; it can not be oxydized with bromine and 
does not turn into hexabromoiridiate(II1]) neither with excess bromide 
ions nor with strong hydrobromic acid. It does not undergo hydrolysis 


and gives characteristic insoluble salts with mercury(II), thallium(]) silver 
and nitron. 
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DISCUSSIONS 


has one mole of CO? 


Nast ( Heidelberg) Does this complex [/r(CO)Br, 


Malatesta It has it. This carbon monoxide quantitatively given off on treatment with 
henylisonitry 


Gutman ( Wien) Have you any additional 


experimental evidence for the dimeric for- 
? 


atoms. 


Malatesta No, we have only the negative vider 


ce that COis not a bridging group (from 
rared spectrum) 


‘ 


Adamson (Los Angeles) Did vou observe 


photochemical activity ? We have found 
it A,/rBr, is entirely ina photochemi« 


th respect to exchange with Br 


Malatesta We 


have any photochemical activity 


Complexes derived from (RuNO) Ill and Ru IV 


JOHN M. FLETCHER 


Chemistry Division, A.F.R.E., Harwell — England 


Summary: Nitrato, nitro and ritrito groups various diamagnetic complexes of ni- 
trosylruthenium have been recognised chemically or spectroscopically (infra-red) in prepa- 
rations derived from aqueous nitric acid or from organic solutions. In aqueous nitric acid 
there is a series of mononuclear species, RuNO® +, RuNO.NOZ +, RuNO(NO,), +, RuNO 
(NO)g)s. but a binuclear structure occurs in complexes formed by reactions in organic me 
dia. An interesting example is the complex Ru,N, precipitated by the interaction of 
RuO, and nitric oxide in carbon tetrachloride solution, since the chemical and physical 
(infra-red spectrum, magnetic moment) properties of this complex indicate bidentate ni 
trato groups 

Ruthenium IV appears to have a coordinatior mber of 7 or 8 in the brown aquohy 
droxy complexes formed in aqueous HCIO,, HI’, HNO, by the reduction of RuO, with 
hydrogen peroxide. In > 9M HNO,, this reactior kowever, produces nitrato comple 
xes, one of which is an intensely coloured (violet) Ru 1V complex with Em ~ 35.000 closely 
analogous to the violet Ru IV chioro complex whic! s been reported as a transient spe- 


cies 


As part of our studies on ruthenium, a truculent fission product of 
long life, we have prepared and examined some of its complexes, in parti- 
cular those related to nitric acid solutions (Table 1). Certain novel featu- 
res of interest in coordination chemistry have emerged. 


TABLE 1 


Ruthenium Valency Radical and its ale Complexing Ligands 


RuNO} ill 
RuOH)| iil 


c.f. also | Ru-O-R 
1. (RuNO) Complezes. 
The nitrosylruthenium complexes examined have all been diamag- 


netic: their properties are consistent with d*sp* bonding and octahedral 
configurations. Dative x bonding between the (NO) group and the cen- 
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tral ruthenium atom leads to a large formal charge on the latter, with the 
result that complexing by such a weak ligand as NO, is substantial [1]. 


A IN IM HNO, ] 8 IN 46M HNO, 


yi Non Nilrato 


Trim trato 


wma 
cm from starting line 


Paper Chromatograms of (RuNO) Nitrato Complexes at equilibriun 


Solutions of the nitrato complexes in 0.1 to 12M nitric acid have been 
examined in detail [2]. Chromatographic separation of individual comple- 
xes 1S possible [3] since reactions such as 


RuNO(NO,), ——> RuNO(NO,),* + NO 


3 


~ | have half-lives of about 15 
mins. at 20°C [4]. Four dis- 
crete complexes can be reco- 
gnised (Fig. 1). The composi- 
tions of solutions at equili- 
| © Trinitrate brium in nitric acid (Fig. 2) 
{| = a. are independent of ruthenium 
0 Non- mitrato concentration (below 10~-* M 

= Ru) in acidities down to 0.1 M 
HNO,: in this series of com- 


plexes there is therefore little 


or no polymer formation in 
< 10~*M Ru solutions up 
to pH 1; at higher pH va- 

Fic. 2. Composition of solutions of (RuNO) nitrato con)- , ' ; 
plexes at equilibrium in nitric acid. lues (pH 6. 1) the hydroxide, 


Camo, (aq) 


COMPLEXES DERIVED FROM (/ 


RuNO(OH),, can be precipitated quantitatively [1]. Formation constants 


for the mono-, di- and trinitrato complexes, calculated from the data of 


Fig. 2, are all of the same order of magnitude (Table 2) 


IMHNO, 


Ke NONOSHYO), 


Vononitrato 


j NONOSH YO), 


Mononitrat 


} NOANODAHO), 


Dinitrato 


The strong complexing of (RuNO) by NO, resembles that of Co JJ] 
and of Pi IV; in the case of (RuNO) however, the highest ratio found for 


NO 
NO, 


OH 


Charge -2 Charge 0 
Tetranitro Dinitro 


l tI 


; Nitro complexes o t rutheniun 


NO,: Ru is 4 [1]; the trans directing effect of the nitrosyl group presuma- 
bly opposes the entry of a nitro group in a /rans position to it (Fig. 3). 
Two of the four nitro groups are rapidly liberated in acid solutions: from 
this reaction the non-ionic dinitro complex (II of Fig. 3) has been iso- 
lated by P. G. M. Brown, while mixed nitro-nitrato complexes, such as 
RuNO.NO,NO,),, have also been prepared: the infra-red spectra (Fig. 4) 
of these complexes show the usual bands for a nitro group and the virtual 
absence of the peak at 1033 cm‘ expected for a nitrito group (Fig. 4). 
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In oxygenated organic solvents, similar ligand substitution reactions 
occur at comparable rates [2]. Notable features are: 
(i) The presence of a peak at 1033 em ' (Fig. 5) in the infra-red 


[Ru NO(NO2),0H (H20) 


Ru NO(NO2NO3)2 (H20)2 | 
NO, 


— WAVE NUMBER cm~' 


= a 
t 14 
. ~—WAVE LENGTH 


. - Infra-red Spectra of (RuNO) dinitro and nitro-nitrato complexes. P anols from paraffin. 


Ru NO COMPLEX 
_ FORMED IN TBP ~ HNO2 SOLUTION 


i TBP ONO) 
Ter =) AKA 


es ~ 
=$$ 

VE 4 
i_j NUMBERcm 


3 ~~ WAVE 
LENGTH 


_ 


spectrum of RuNO complex formed in TPB-HNO, solution. 
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spectrum indicates that nitrous acid produces a nitrito rather than a nitro 
complex: 

(ii) Binuclear (diamagnetic) compounds which appear to be oxy- 
gen-bridged are formed: 

(iii) Aquo greups can be displaced (slowly) by groups such as tri- 
butyl phosphate: thus [RuNO(NO,),(H,0),] is convered to [RuNO(NO;), 
(TBP),}. 


2. Ru,N,O,, (*). 


During his investigations on nitrosylruthenium compounds, Martin [5] 
examined the reaction between RuOQ, (in anhydrous carbon tetrachloride) 


Pu 


| 
| Pu N Org ° 


SAMPLE | ONO, 
NO Pp 
| | 
o| | | Qu NO Noa 
4. 
é | r™ ABSENT 
/ \ Coe |} ONO? ° 
j wARKER) | 420 ' 7 ae 
SOE Nose 
= Sazacx ONO ABSEN 
“3 Z 3 etse3 = a, = 2 F —wave wumacrce 
2 ; ri é 6 7 a 9 10 2 13 \4—wave LewGTw 


~ ‘ 
“ 


~~ WAVE NUMBER ce ~ 


6 9 10 '!__L wave LENGTH 


o} 62! 
Th 

a} Gi 
ee! 

zt! 
6121 

| oc 


Infra-red spectra of tw 


unples of Ru,N 40,5. 


and dry nitric oxide. He found that a brownish-yellow solid was slowly 
precipitated. Its composition and molecular weight correspond to Ru, 
N,0,, (O by difference). The compound is readily soluble in water and 


(*) From further work, e.g. which has shown that trogen rather than nitrous oxide is largely 
formed, it is believed tha: che main product of the reactic is Ru,N,O,, (Structure V1). The general 
conclusions with respect to the reaction are unaffected. 
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TABLE. 3. Ru,N,O\s 
2 Rud, + 8 NO—+> Ru,N,0,,; 


Coordination 


Structure Ru Valenc 
< u Valency No. 


Ru, NOOUNO,), 0 


e/a 
RuO{NO),NO,},0 


[Ru NOK NO,)_\,0 
Nitrate monodentate 


[RuNO(NO,)_\,0 
Nitrate bidentate 


Possible Complexes from Side-Reactions 


V RuNO(NO,),NO, 


(RuN,O,) 


vi RuNO(NO,),-0.0.RUuNO(NO,), 


(RuyN.O;,6) 


organic solvents containing oxygen: its infra-red spectrum indicates the 


presence of nitrosylruthenium and of complexed nitrato groups and the 
virtual absence of nitro groups (Fig. 6). The reason for the course of the 
reaction (see Table 3 for stoichiometry) has for a long time been obscure. 
Various structures (I, II, III, IV of Table 3) which involve ruthenium va- 
lencies of 6, 4 or 2 can be postulated. A chemical determination of the va- 
lency by wet methods does not lead to an unambiguous answer. Structures 


I and II are not favourable for the observed diamagnetism. A binuclear 
tetranitrato complex of nitrosylruthenium with nitrate groups each oc- 
cupying one coordinate position, Structure III, also does not satisfy the 
diamagnetism of the compound since it involves a coordination number 
of only 4. We have recently come to the conclusion that the formation and 
properties of the compound can be readily explained in terms of biden- 
tate nitrate groups, Structure IV, such as also occur in [UO,(NO,),|. The 
unsymmetrical disposition of oxygen atoms in RuOQ, is such that they are 
separated by distances of 1.6A, 2.2A or 2.7A. A nitric oxide molecule, 
by bond formation with two of the oxygen atoms separated by 2.2A can 
form a bidentate nitrato group without appreciable distortion of the Rud, 
bonds. Two such additions produce the nitrate of bivalent ruthenium (A 
of Fig. 7). The strong trans effect of a nitrosyl group presumable prevents 
the subsequent attachment of more than one NO group directly to the ru- 
thenium atom. This produces an unstable structure (B of Fig. 7) in which 
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THE FORMATION OF Ru> Ng Ojs FROM RuOg AND NO 


Fic The formation of Ru,N,O from RuO, and NO 


neither the valency nor 6-coordination of (RuNQO) III is satisfied; these 
requirements are met, either by binuclear condensation with an oxygen 
atom derived from nitric oxide to give Ru,N,0,, (C of Fig. 7), or by side 
reactions to give products such as V and VI of Table 3. If water is not 
rigorously excluded during the preparation, other products, such as aquo- 


nitrato nitrosylruthenium complexes, are formed. 


3. Ru Iv. 
(a) Brown aquo-hydroxy tons, (RuOH)** ete. 


There is a substantial body of evidence (Table 4) from past and cur- 
rent work from which one can conclude that identical brown Ru IV com- 
plexes are formed in dilute or moderately coneentrated perchloric, nitric 
or hydrofluoric acids by the reduction of RuO, with hydrogen peroxide 
or electrolytically, i.e. it appears that in these preparations Ru IV exists 
as aquo-hydroxy complexes in which the anions of the acid to not parti- 


cipate. Although ruthenium behaves as Ru IV in these complexes, neither 
the number of anions per ruthenium atom found in solids prepared by 
evaporation (at room temperature) of such solutions [6,7] nor the apparent 
positive charge per ruthenium atom exceed the value of three (Table 4); 
one therefore expects that these solutions contain the aquo complex of 
[RuOH]** or of [Ru-O-Ru]°* and that these complexes are particularly 

stable » either for kinetic or thermodynamic reasons. The spectra [8] of 
such Ru IV solutions in 1M and 6M HCIO, show that there is more than 
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TABLE 4. Properties of Brown Ru IV compounds and their solutions in non-com- 


plexing acids. 


Property Acid HCIO, 


1. Anions/Ru in solid 2.6 2.9 


2. Range of acid concentrations in which 0.12 to 6M 0.1 to 8M Dilute 


common spectrum found 


3. Molar extinction coefficient at 480 mu . ~ 800 »>~ 770 As in HClO, 
4. Apparent positive charge per Ru atom ~3 (in 0.1 to 
in 10—2M Ru solution . 0.3M HNOs,) 


5. Magnetic moment at 21-25°C of ~ 0.1M 0.92 (in 2.9M 0.92 (in 6M 1.0B.M. (in 0.5M 
Ru solutions . , : : acid) acid) acid). Same va- 
lue in solid 


one such complex; they are particularly «inert » since equilibrium is only 


established very slowly at room temperature. 

Particular interest arises from the magnetic moments for ruthenium 
in these complexes. Would they give the value of 2.9 B.M., expected for 
two 4d unpaired electrons in Ru IV with ectahedral 4d,5sp, bonding (Ta- 
ble 5) and found in the almost colourless ion[RuF,]*~ and in [RuCl,]*~? Or 


TABLE 5. Electronic configurations for Ru IV. 


4d 5s 5p Bonding 
** Gort O ClO 
Ru lV [se}stee] Te] d* sp? 


, 7 dsp? 
Ru lV jsthithititt} (7-coordination) 


would ruthenium be diamagnetic as found in the O-bridged chloro com- 
plex of Ru IV, [RuCl,.0.RuCl,|*~? Values found by N. Gill for several 
preparations (see Table 4) are about 0.9 B.M., i.e. indicate no unpaired 
electrons. It is possible that these Ru IV solutions contain the dimeric 
form, (Ru-O-Ru). If, however, they contain only one ruthenium atom, 7 
coordination with 4d,5sp, bonding would lead to diamagnetic ruthenium 
(Table 5). The likelihood that Ru IV sometimes has a coordination number 
of 8 has been suggested by Charonnat [9] who isolated the brown ethylene 
diamine salt, (en,),{uOH.Cl,|. It has been pointed out by Taube [10] 
that 6-coordination complexes of Ru IV might be particularly labile: the 
robust nature of these aquo complexes may be evidence therefore for a 
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coordination number greater than 6. 7 
encouraged by the combination of the 
(0.67 A) of Ru**. 

The relative ease of oxidation [9] of 
complexes of Ru IV can be interpreted 


to achieve the inert gas electronic struct 


logous oxidation, Fe Il] —> Fe IV, in tl 
mely difficult: unlike Ru IV, Fe IV does 
tion number above 6. 


(b) Violet and yellow complexes u 


A property of solutions of (RuNO) 1 


acid, first noticed by I. Jenkins and A.G. ‘' 


mation at room temperature in the pres: 


oxygen as the oxidising agent. J. Wo 
tometry the slow growth (over a period 
violet complex (peak it 550 mu, J 
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>12M HNO 
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or 8 coordination is presumably 
gh charge with the small radius 


quo complexes of Ru Ill to aquo 


in terms of the ability of Ru IV 
ire by 7 coordination. The ana- 
e tirst transition series is extre- 


not readily increase its coordina- 


NO, or Cl- as ligands 


12M nitrie 


S931, is the for 
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and the concentration of nitronium ions, NO,*. Other observations with 
- 12M HNO, indicat 

(i) That all the RuO, is rapidly destroyed (<1 min); 

(ii) That a complex (probably the yellow intermediate) in which 
the ruthenium anionic is produced; 

(iii) That the formation of the violet from the yellow complex 


nvolves more than one ruthenium atom 


We suggest therefore that the destruction of RuO, proceeds rapidly by 
the addition of nitronium ions to two of the oxygen atoms of Ru, V1Z., 


2NOz7 s — RuOANO,), or H, RuO{NO,),| (Ru VI) 


Chis type of addition reaction also explains the manner in which SO, 
from sulphuric acid [12] with RuO, torms | RuO0,SO,),|*~. The composition 
yf the yellow and violet complexes and the mechanism of their formation 
have not yet been established. So far the magnetic moment of ruthenium 
in these highly coloured nitrato and chloro complexes has only been mea- 
sured for mixtures containing yellow and violet species, with the yellow 
complexes predominating: the results are similar to those for the brown 
Ru lV aquo complexes, i.e. indicate the absence of unpaired electrons. 

lhe extent to which the molecular extinction coefficient of the violet 
complex exceeds that of other ruthenium complexes studied in this work 


is shown in Table 6. 


TABLE 6. Ruthenium complexes: peaks or bands and their molar extinction coef- 
ficients. 


Colour Peak or band at 


RuNO(N O,), —- Rose red Band 430-480 mu SO 
Ru IVin HCIO0, ‘ Brown Band 480 ~ BOU 
H,{Ru0, NO,),) ? . Yellow 405 ~ 8,000 
Nitrato complex of (Ru-O-Ru) , Violet 550 300 00-40 000 


Ru, ; . Yellow t&5 900 
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In view of the i esting volatility of anhydrous cup! nitrate prepared by Dr. Addis 
(a complex which we consider could well, like Ru, N,O,,, cx bidentate nitrate groups) we 
have examined Ru, N,0,, for any sign of volatility. Unfortunat ve compound. like many other 


nitrosylruthenium compounds, decomposes at a temperature of { 


at atmospheric pressure 
Exhaustive tests for volatility, e.g. under reduced pressure, } ot been carried out 


Carbony] compounds of trivalent rhodium 


with aromatic phosphines, arsines and stibines 


LIDIA VALLARINO 


Istituto di Chimica Generale dell’Universita di Milano Italia 


Summary: A new series of remarkably stable carbonyl! derivatives of rhodium has 
been prepared and investigated. The compounds have formula RAL, (CO)X, (L= Ar,P, 
ir,,As, Ar,,Sb; X Cl, 1), and are nonelectrolytes and monomeric 


Chlorocarbonylrhodium (1) reacts with triaryphosphines, triarylarsi- 
nes and triarylstibines giving stable carbonyl complexes of the type 
RALA(CO)CI (L ir,P, Ar,As, Ar,Sb), as it has been previously report- 
ed [1] 

During the investigation of these compounds it was observed that 
they do not give off carbon monoxide when treated with a solution of 
iodine in pyridine. 

This fact suggested that stable carbonyl complexes, containing Rho- 
dium in a higher oxidation state, might be capable of existing. 

On investigating the conditions under which the oxidation takes place 
I found that the best way of isolating the oxidation products is to treat a 
chloroform solution of the univalent complex with a solution of halogon in 
carbon tetrachloride. 

3y evaporating the excess of solvent under reduced pressure, the pro- 
duct crystallizes out, and in most cases is analitically pure. Further puri- 
fication may be obtained by dissolving the crude compound in boiling 
chloroform and reprecipitating it by dilution with hexane. Yields are over 
80° for the phosphine and arsine complexes, about 60% in the case of 
stibine complexes. 

These products are beautifully crystalline substances, and according 
to the analyses they may be formulated as RhL,(CO)X, (where L has the 
same meaning as before and X in chlorine and iodine). They are diama- 
gnetic, non-electrolytes in nitrobenzene solution and the cryscopic deter- 
minatior of molecular weight shows that they are monomeric. 

They are therefore octahedral, and the trivalent rhodium atom has 
its usual co-ordination number of six. 

The compounds which I have prepared are listed in the table, together 
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with their colour and decomposition points. The colour vary from yellow 
to brown, and the decomposicion temperatures show same variation with 
the rate of heating. 


Carbonyl Complexes of trivalent Rhodium, maining Triarylphosphines, Triarylar- 
sines and Triarylstibines. 


Complex f Decomp. Pt 
{RAC PhsP)A(CO)Ch} ; ve 190-195 
{Rh} (p.CHsCeHs)sP¢ A CO)CIs) ve 195-200 
{Rh}(p.ClCeHs)sP' (CO)CI;) yel 195-210 
[RAC PhsP)xCO)CUe) . . : ye brown 170-175 
{RAC PhsP)o(CO)I1 5} red-1 “n 182-187 
1 RA( Ph: As) CO)CI : yel 250-255 
{Rh}(p CHsCeHs) is! (CO)CI} vell 250-260 
{ Rh}(p.ClCeH4)sAs! 0 CO)CL) yell 230-240 
{Rh( PhsAs)o(CO)CU b 200-205¢ 
[| Rh( PhsAs)o(CO)1 red n 195-210¢ 
{ Rh( Php Sb) CO)CI or 150-155 
{Rh( PhySb)o(CO)CU ‘ br 220-222¢ 
[ Rh( PhsSb)(CO) 15) I 198-200 
No compounds containing bromine could be prepared so far; attempts 


to prepare such compounds give only a mixture of decomposition products, 
even when the addition of bromine is carried out at -80°. 

These carbonyl complexes of trivalent rhodium are, so far as I know, 
the only carbonyl compounds of a trivalent metal yet prepared, with the 
exception of the salt K[/r(CO)Br,], described by prof. Malatesta in his 
communication. The stability, or better the chemical inertness of these 
compounds is rather striking: they are not decomposed by boiling dilute 
solution of acids and bases, or by boiling concentrated hydrochloric acid, 
or by cold alcoholic alkali. 

Chlorine and iodine in excess react slowly with the aromatic rings of 
the ligands, giving substitution reactions, but do not destroy the complexes. 

Strong reducing agents, such as hypophosphorous acid, magnesium or 
zinc powder in ethanol and acetic acid, and hydrazine acetate, do not 
affect them even on prolonged boiling. 

The univalent complex can however be obtained from the trivalent 
one by refluxing this with a 10 fold excess of p. toluidine in benzene. The 
reaction is very slow and not quantitative. 
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The direct replacement of carbon monoxide by another ligand does 


not appear possible; for instance the triphenylphosphine-chloro complex 


was recovered unchanged after 1 hour’s heating at 160° with an excess of 


molten triphenylphosphine. 
The displacement of carbon monoxide, when it occurs, is accompanied 


by a complete change in the nature of the complex, and is always more 
difficult then for the corresponding univalent complexes. So arylisocyanides, 
which react immediately in the cold with the univalent complexes, react 
with the trivalent ones only at 140-150°. At this temperature carbon mon- 
oxide is evolved quantitatively. Triarylphosphites react analogousby, but 
much more slowly; in the case of the reaction between [RA(PhA,P),(CO)I,] 
and triphenylphosphite it was possible to isolate one of the products, 
[Rh}(PhO),Pi,/,], in small vield. This compound was identical with the one 
obtained by direct oxydation of the univalent complex [Rh}(PhAO),Pt,/]. 

The great stability of these compounds is surprising, because it is 
well know that carbon monoxide and ligands containing phosphorous ar- 
senic and antimony as donor atoms, usually stabilize the lower valency 
states of transition metals. 

Having succeded in oxidizing the carbonyl complexes of rhodium (1) 
containmg aromatic phosphines, arsines and stibines, I tried to oxidize 
other carbonyl complexes of rhodium (1), which I had previously prepar- 
ed, such as [RA(PANC), (CO) Cl] and [RA(RNH,) (CO), Cl] (where R is H, 
CH,, C,H,;, CH;C,H,); but up to now the oxidation of these has failed; 
which indicates that the stability of the carbonyl compounds of trivalent 
rhodium that I described is in some way dependent upon the presence of 


the triarylphosphines, arsines and stibines. 
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Chatt (Welwyn, Herts) — Miss Vallarino has presented us with a remarkable series of stibine 
conplexes. They must undoubtedly be the most stable complexes of stibines which have been 
prepared. Have you attempted to prepare a corresponding series of complexes containing bis- 


muthine 


Vallarino - I tried to prepare compounds of the type RhA(Ar,Bi),(CO)Cl, by reacting 
[Rh(Co),Cl), with aromatic bismutines; but the attempts were unsuccessful. By addition of tri- 
phen ylbismuthine to a solution of chlorocarbonylrhodium (1), carbon mor oxide is not evolved, 
and jark-brown amorphous substance separates, which cannot be crystallized, and the analysies 


of which does not correspond to any definite formula. 


Recent investigations on extractable 


metal complexes 


DAVID DYRSSEN 


Research Institute of National Defence and Department of Inorganic Chemistry, 
Royal Institute of Technology, Stockholm, Sweden 


vith beta-isopropy! tropolone (HA), 
HC) with several metal ions, prefe- 
he uncharged metal complexes react 


Summary: Results are given for the extractior 
perfluoro-octanoic acid (HB), and di-n-buty! phosphat 
rably of the lanthanide and actinide type. Several of t 
with extra molecules of the solvent and/or the complexi: 
UO,A,HA, NaZnAy,, SrB, (tri-n-butyl phosphate),, ScB, (hexone), 
mportant for the extraction of the 


”~ agent. Examples of such extract- 


able complexes are 
Y(HC,),, and UO, HC,), (H,C,). These reactions are 


elements and will be discussed 


In this paper I shall consider only three complexing agents for metal 
extraction, i.e. beta-isopropyl tropolone (//A), perfluoro-octanoic acid (HB) 
and di-n-butyl phosphate (HC). The results with these compounds illu- 
strate some reactions between the uncharged metal complexes and extra 
molecules of the solvent or complexing agents. The reactions have been 
studied by distribution experiments; the net-distribution ratio of the me- 
tal is denoted g = [M)] cota. ore / [MJ totar. ag [1-3]. 


/CH(CH)), GP. C.H,0 OCH, 
ws 
e P 
J» ~ 
OH O 


HB 


For a bivalent metal ion M** the theoretical extraction curve, log q 
versus log [A~], should belong to the family of curves given in Fig. 1, provid- 
ed only MA~* and MA, are formed [for other cases see ref. 1-3]. Among 
the bivalent metals we have investigated so far, Cu**, shows this type of 
curve, and from the data we were able to calculate the complexity constants 
log k, and log k, (Table 1), and the distribution constant of CuAy,, log 
A(CHCI,) = 3.11. Zn®* on the other hand forms a negative complex ZnA, 
and thus log qg decreases at larger values of [A~] (Fig. 2). However, log q 
does not decrease as much as expected (dashed curve in Fig. 2), owing to 
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the extraction of NaZnA, from the aqueous phase, in which the ionic 
strength was kept constant with 0.1 M NaClO,. We were able to prove 
this using radioactive sodium, “Na: no sodium was extracted into the chlo- 
roform phase unless zinc was present. From the extraction curve for zinc 
we calculated log k,, log k,, log ks (Table 1) and log a, (CHCI;) 3.24. 


log q log A, 


a+tog [A] 
n 


j L 
-2 -1 0 +1 +2 


» 7 Variation of the net distribution ratio q with the ligand concentration in the aqueous phase 
[A—] for a bivalent metal assuming only the formation of MA*t+ and MA,. The family of curves is 
calculated for k,/k, 0 (no MA* present), 1, 10, and 100 (log k, — log ky #, 0,1, and 2). The 
mean complexity constant is 10* ( 4%log k,k, = a). The asymptotes to the curves are log q log Ag 
and log q = log A, + 2a + 2 log |A—], A, Is the true distribution constant for MA, 


According to our measurements the distribution constant of the planar 
copper complex, CuA, [cf. ref. 4] is about the same as for the zinc com- 
plex, which is probably tetrahedral. The values of k, and k, for beta-iso- 
propyl tropalone are definitely higher than for acetylacetone [5, 6] as may 
be seen from Table 1. The same result was obtained with thorium and tro- 
polone [2, 7, 8]. The value of k, = [ZnA,~]/[ZnA,] [Aq] for zinc, which 
should not be very much affected by the solvent composition, agrees with 
the value of 3.6, determined potentiometrically in 50 % dioxane [9]. 

If, we make a similar plot, log g against log [A~], for the uranyl ion the 
points for different concentrations of beta-isopropyl tropolone, [HA],,¢, 
will not fall on a single curve, but if log q—log [HA],,, is plotted against 
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log [A~], the points will fall on the same curve. This means that the domi- 
nating complex in the chloroform phase is UO,A,(HA). However, in an 
oxygen-containing solvent such as methyl! isobutyl ketone (hexone) the 
extractable complex probably does not hold an extra HA. 


log q 


= 


| log [a“] 


a) 6 <7. 4 -2 -1 


2 rhe distribution ratio of Zn as a function of the beta-isopropy! tropolonate ion concentration 


in the aqueous phase. The organic phase was chloroform and the ionic strength in the aqueous phase 
was 0.1 M (NaC10,) The asymptotes to the curve are log ¢ = log A, + log kik, + 2log [A] and 
log a log A, log k, — log [A]. 


A similar example was found in an investigation of the extraction ol 
strontium into chloroform with oxine [10]. In this case a single curve was 
obtained in a plot log q — 2 log [HOz],,, versus log [Ox~], which strongly sug- 
gested that the extractable complex was SrOz,(//Oz),. The two extra oxine 
molecules can probably be displaced by other ligands such as n-butylamine 
[11]. Thus we have four bivalent metal ions, Cu**, Zn®**, UO*,* and Sr**, 
which all give different species in the organic phase with simple chelating 
agents. 

TaBLe I. 


Complexity constants of Cu(II) and Zn(II) with the acetylacetonate (30°C) and beta 
isopropyl tropolonate ions(25°C). Ionic medium 0.1 M NaC10,; k, = |MA,]/[MA,_,][A). 


Copper (11) Zine (11) 
Ligand - 


log k, ] log k, log k, 


log k, 


acetylacetonate (5, 6) . ¢ 6.57 


8 -isopropy! tropolonate . 
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If the metal ions is well shielded by hydrophobic ligands, as is tho- 
rium in thorium (fetra-5,7-dichloro-oxinate, the extraction is not very de- 
pendente on the composition of the organic solvent. However, if the me- 
tal ion is incompletely shielded by the ligands, like strontium in the oxi- 
nate complex mentioned above, extraction may be favored by using a sol- 
vent with a hydrophilic group (e.g. hexone, butylamine + chloroform). 
Reactions between the solvent and the uncharged complex may be in- 
vestigated by addition of the solvent (e.g. hexone) to an inert solvent (e.g. 
carbon tetrachloride) at constant ligand concentration. This technique 
has been used by McKay et.a. [12] for investigation of the complex for- 
mation of tributy] phosphate (TBP) with uranyl nitrate. One of the com- 
plexing agents we have chosen for an investigation of this type is perfluoro- 
octanoic acid (HB). Complexes of the type ScB, or SrB, are not extract- 
able with carbon tetrachloride, but can be extracted, if a solvent (S) such 
as hexone, isopropyl ether or 7BP is added to the carbon tetrachloride 
phase [cf. ref. 13]. The number of solvent molecules attached to the un- 
charged metal complex MBy can be found from a plot log q against log 
[Sleq, at constant ligand concentration in the aqueous phase [B~]. With 
ScB, we found the slope equal to 6 for 7BP and 3 for hexone and isopro- 
pyl ether, which means that 6 and 3 solvent molecules respectively are 
attached to the uncharged complex. With SrB, the slope was 4 for TBP, 
thus indicating the existence of SrB,(TBP), in the carbon tetrachloride 
phase. 

The reactions with di-n-nutyl phosphate (DBP, HC) are somewhat 
different from those with other complexing agents. The reason for this 
may be that DBP has a very pronounced tendency to dimerize in non-po- 
lar solvents. The dimerization constant (k, [HC g) ore / [HCP ag) in chio- 
roform for example is 10°“, which is more than 2000 times larger than 
for acetic acid [14]. This means that even at very low concentrations of 
DBP in inert solvents the monomeric form (HC) may be neglected, i.e. 
the DBP concentration in the organic phase [DBP},,, 2[ 1 2Celoeg- We 
have studied the extraction of ions such as UO,*", Y**, La®* and Hf** with 
chloroform and DBP. For U( VJ) we obtained a slope = 2 from a plot log 
q versus log [DBP),,,, thus indicating the species UO,HC,), or UO,C, 
(H,C,) in the chloroform phase. With Y** and La** the slope was 3 and 
the complex extracted may therefore have the composition M(HC,),. The 
data for Hf** fell on a straight line with a slope = 4, when log q—log|HC},,, 
was plotted against log[C~], thus indicating H/C,(HC) or a mixture of H/ 
C, and H/C,(H,C,) in the chloroform (or hexone) phase. A different result 
with U(VJ) has been obtained by Stewart and Hicks [15] using n-hexane 
or n-butyl ether. According to their results, 6 DBP molecules should be 
attached to the uranyl ion in the organic phase, and the composition of the 
complex might be UO,C,(H,C,), or UO,HC,),(H,C,). 
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DISCUSS S 
Fletcher ( Harwe Has at work been cart t with the metal exist g as monomeric 
or dimer pecies by extraction with thes ! t acid 
Dyrssen No. The experiments with Y* IBP were carried out with carrier-free 
yttrium. In our investigations with UO, tl ration has been varied, but not 
over a very large range. The results gave f uclear les 
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Some water-soluble complexes 


of pentavalent niobium and tantalum 


FRED FAIRBROTHER, DEREK ROBINSON, JOHN B. TAYLOR 


Department of Chemistry, Manchester University England 


Summary One of the characteristic properties of these elements, and which im- 
pressed their discoverers, is the insolubility of their oxides in all common reagents. For 
long after their discovery the only known water-soluble compounds were the complex 
fluorides, which are still used for their separation 

It has been known however for a long time that the hydrated oxides will dissolve in 
aqueous solutions of oxalic, tartaric and citric acids and in alkaline solutions of catechol 
and pyrogallol. We have now recently shown that water-soluble complexes can also be 
formed with a variety of other a-hydroxy acids, which may be phenolic or carboxylic, and 


with a number of amines 

Complex formation with hydroxy compounds occurs through a condensation mecha- 
nism, akin to the flocculation or ageing of the hydroxides, in which small units are atta- 
ched to the complexing agent by elimination of water 

Amine complex formation appears to occur through co-ordination by a usual type of 
donor-acceptor mechanism and is affected by steric considerations and may be correlated 
with the basic dissociation constant of the amine 

One outstanding feature of the dissolution in solutions of these complexing agents is 
the much greater solubility of pure niobic acid as compared with pure tantalic acid. When 
the two oxides are co-precipitated however, part of the tantalum may be carried into so- 


lution with the niobium. This is a consequence of the polynuclear character of the complexes. 


Niobium and tantalum are classically associated with insolubility. 
The insolubility of their pentoxides is a manifestation of the strong co- 
ordination of oxygen, which dominates the picture in most aqueous solu- 
tions. 

Nevertheless there exist a number of water soluble compounds of 
these elements. 

In the present paper we wish particularly to speak of some complexes 
formed by the hydrated pentoxides with «-hydroxycarboxylic acids and 
with basic nitrogen compounds. 

From the outset it may be remarked that, in spite of the general si- 
milarity in the chemistry of these elements, pure niobic acid is much more 
readily soluble in all complexing agents examined than is pure tantalic 
acid: conversely tantalum complexes are much more readily hydrolysed. 

There is no doubt that in the present series of water soluble comple- 
xes we are dealing rather with colloidal chemical phenomena than with 
rapidly established ionic equilibria. This is made manifest in a number 
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of ways of which perhaps the most obvious is the dependence of the reac- 
tivity of niobic acid towards all complexing agents, upon its method of 


preparation and upon its age. Niobic acid freshly precipitated by ammonia 
from its oxalic acid complex is the most reactive, but the reactivity ra- 


pidly falls, even on standing overnight at room temperature. This circum- 
stance made comparative studies most difficult and was eventually over- 
come by freezing the preparation and storing it at well below 0°C in a 
refrigerator cabinet. In this way niobic acid could be kept for many weeks 
with little apparent change in reactivity. 


a) Complexes with «-hydroxy-acids. 


lo this group belong the complexes, already known for a long time, 
with tartaric and oxalic acids. Although these are both dibasic acids, their 
complexing power proves not directly related to that fact; other dibasic 
but non-hydroxy acids, malonic, succinic, adipic or phthalic are without 
complexing action. 

On the other hand, aqueous solutions of a variety of «-hydroxy-car- 
boxylic acids will dissolve — to a limited extent — freshly precipitated nio- 
bic acid and to a very much less extent also tantalic acid. From such so- 
lutions 1 : 1 complexes can be precipitated by the addition of alcohol and 
ether. In this way we have isolated complexes of niobic acid with glycollic, 
lactic, malic and citric acids, and studied their properties [1]. Chemical 
analyses agree well with the following formulae: 


OC O , O 
\NDb(OH), SNI SND(OH), 
H.C —O MeCH — O HC —O 
CH,CO,H 
(HO,C.CH),C 
ND(OH), 
OU O 


The complexes are all extremely soluble in water in which, in the ab- 
sence of excess complexing agent, rapid hydrolysis with reformation of 
the components takes place. They are decomposed by mineral acids o1 
strong alkalis. Cryoscopic determination of the molecular weight leads 
to apparent values which indicate monomeric species. Since, however, some 
hydrolysis occurs long before it is visibly apparent, the most that can be 
said is that the complex units are small, containing one or two niobic acid 
units. 
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It was found that in the case of glycollic and lactic acid, the rate of 
dissolution of niobic acid was greatly increased by the addition of ammonia 
so as to maintain the pH at 8-9. This clearly points to the «-hydroxy acid- 
inion being the effective complexing agent. When the niobic acid was 
dissolved in the ammonium salt, the crude product, obtained on precipi- 
tation, contained ammonium ion. This could be removed .by passing the 
solution through a column of Amberlite-120 (77) in the acid cycle. 

On the other hand, niobic acid or tantalic acid are readily precipita- 
ted by ammonia from their solutions in oxalic acid, which is exceptional 
among complexing acids in other respects. In the first place it is not ob- 
viously an a-hydroxy-acid, but a comparison of its titration curve using 
immonia, with the precipitation of niobic acid, shows that precipitation 
starts at about pH 5 when the neutralisation is complete. In other words, 

le water-solubl compl x is obtained onlv so iong as an appre iable 

ynncentration of HOOt COO is present. This 


hvdroxyv anion 


It is also noteworthy that thiogl ve ollic acid, which forms stable che 
lates with several transition elements, does not dissolve niobic acid appre- 
ciably under conditions where the hydroxy-acid readily forms a complex. 
Moreover, the reaction with $-hydroxy butyric acid is very small. This, 
together with the behaviour with malonic acid indicates that six mem- 


bered rings of this type are less stable than five membered. 


b) Amine complexes. 


Some evidence that basic nitrogen is able to co-ordinate with niobium 
is provided by the existence of a water-insoluble complex with 8-hydro- 
xyquinoline [2] and by the extraction of niobium pentachloride into an 
organic phase, from hydrochloric acid solution, by tribenzylamine or 


methyldioctylamine [3]. We have now found that freshly precipitated 


niobic acid is readily soluble in aqueous solutions of a wide variety of pri- 
mary, secondary and tertiary basic nitrogen compounds. 

From many of these solutions, by removal of water and excess amine, 
under reduced pressure or by precipitation with alcohol and ether, solid 
water-soluble complexes have been separated. The solubility of tantalic 
acid, prepared under similar conditions is very much less. 

There are a number of features which distinguish the dissolution of 
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niobic acid in aqueous amines from that in v-hydroxy-acids. In the first 
place, dissolution of precipitated niobic acid occurs rapidly in the cold 
in contast to dissolution in «-hydroxy-acid solutions, which requires heat. 
In the second place, the maximum amount of niobic acid dissolved by a 
given quantity of amine falls as the concentration of amine is increased. 
Niobic acid is usually insoluble in pure amine and is precipitated from a 
solution of the separated complex by addition of excess amine. It is even 
possible to precipitate niobic acid from its oxalic acid complex by the ad- 
dition of sufficient diethylamine, which, in dilute aqueous solution is one 
of the best complexing agents. 

The dissolution of niobic acid in dilute equimolar solutions of a num- 
ber of amines under comparable conditions was very roughly proportional 
in amount to their basic dissociation constants. This was tested by satu- 
rating approximately equimolar solutions (~ 0,3 M) of various amines, un- 
der the same physical conditions, with portions of the same preparation 
of niobic acid. The dissolution of niobic acid in solutions of methylamine, 
trimethylamine, ethylamine, diethylamine, triethylamine, n-propylamine, 
iso-propylamine, n-butylamine, iso-butylamine, ferf-butylamine, cyclo- 
hexylamine, ethylenediamine, pyridine, and piperidine has been examined. 
Freshly precipitated niobic acid is insoluble in aqueous ammonia (K, = 1.8 


") 


10~°) or in pyridine (K, = 2.3 x 10~*) but dissolves very readily in 
10 per cent aqueous piperidine (K, = 1.6 « 10~*) or in diethylamine 
(Ky, 1.26 x 10~-*) with a somewhat less solubility in other amines ac- 
cording to their basic dissociation constants. 

The products obtained by evaporation of the solutions usually broke 
up into small glistening fragments which appeared isotropic under the 
microscope and gave no well-defined X-ray diffraction pattern. It is pos- 
sible that some kind of structure may be present, since the fracture on dry- 
ing, usually took place along straight lines, often parallel or nearly so. 
Chemical analysis of the products led neither to uniform results nor in- 
tegral ratios between the number of niobium atoms and molecules of ami- 
ne. For example, in a series of analyses of complexes with a number of 
amines the results showed that from 1.6 t 


2.9 atoms of niobium were 
complexed by each amine molecule. This clearly points to the formation 
of polynuclear units, and is reflected in the high molecular weights, deter- 
mined cryoscopically. It is possible also that some condensation, with 
loss of amine, takes place during the process of separation. The formation 
of polynuclear units is doubtless responsible for another phenomenon, 
namely the inability to use the difference in solubility of niobic and tan- 
talic acids in aqueous amines as a method of separation. Thus, although 
pure niobic acid is much more soluble than pure tantalic acid in aqueous 
amines, even by a factor of 10°, (in diethylamine) so that separately pre- 
pared and precipitated and subsequently mixed, niobic and tantalic acids, 
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can be cleanly separated by a single extraction, yet if the two acids are 


precipitated together, the dissolved niobic acid is found to contain a con- 


amount of tantalic acid. The same lack of a clean separation is 


siderable 
experienced with solutions of a-hydroxy acids even though the units are 


much smaller, except possibly in the case of oxalic acid, with an excess of 
which mono-nuclear units may be formed. 

In addition to the above series of soluble complexes, there are many 
others, some of which are under investigation and will be reported upon 
later. For example, both niobic and tantalic, acids are soluble in a variety 
of a-dihydroxy compounds, such as catechol. In these also the chelation 
ippears to take place through a combination of negative oxygen donation, 
and oxolation with elimination of water. 

It appears also that six-membered rings can be formed in solution 
with strong inorganic polyhydroxy-acids. Niobic acid is appreciably so- 
luble in chromic and ortho- and polyphosphoric acids, all of which form 
oxygen-bridged condensed acids with hydroxyl groups in the required 
position, and also, as is well known, in concentrated sulphuric acid. Nio- 
bic acid also dissolves rapidly to give a clear solution in 15 M-selenic acid 


ban 


from which it is more easily precipitated on dilution than from sulphuric 
acid. 

In all of the above work we have concentrated attention principally 
upon the niobic acid complexes, since invariably the corresponding tan- 


talum complexes are less stable. 
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DISCUSSIONS 


Goldschmidt — 1) To what extent did Dr. Fairbrother control the pH in his solution ? The 
compositions and structures of complexes formed with a-hydroxy carboxylic acids are known 
to be a function of the pH 

2) What evidence does Dr. Fairbrother have that the hydrogen of the a-hydroxy group 
is replaced, particularly at low pH ? 

3) It is worthwhile remembering that the solids isolated by Dr. Fairbrother may not give 
very much information on the state of the complexes in solution. 


Fairbrothet — 1) We most certainly controlled the pH of our solutions usually by the ad- 
dition of ammonia and ammonium salts. This has been described in more detail in our paper J. 
Chem. Soc. 4946 (1956). For example, it was by such experiments that we were able to demon 
strate that the active complexing species of oxalic acid was the univalent acid anion functioning 
as an a-hydroxy acid anion, as I have described. 

2) The evidence is, that only such compounds form water-soluble complexes: replacement 
of oxygen by sulphur, as in thioglycollic acid destroys the complexing power. Also, a number 
of other di-hydroxy compounds form soluble complexes e. g. pyrocatechol in alkaline solution. 
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, 


This field is under investigation. Moreover, this kind elimination of water from adjacent hy 
droxyl groups is one of the most characteristic properties of freshly precipitated niobic acid and 
five-membered chelate rings of this type are among the most common and the most stable. Fi- 
nally, at low pH complexing does not occur 

3) They give evidence that this kind of complexing can occur. It was not stated that the 
composition in solution was the same as in the solid. Indeed, in view of the method of prepara- 
tion, it is probable that complexes containing more t one carboxylic acid molecule bound to 
a single niobium atom may exist in solution. In the ca )f oxalic acid there is good experimental 
evidence to this end. 


Formation and investigation of unstable protonation 


and deprotonation products of complexes 


in aqueous solution 


G. SCHWARZENBACH anv J. MEIER 


m fir anorganische Chemie der ETH, Zirich Schweiz 


Summary: A streaming apparatus is described which allows mixing of large volumes 


if dilute solution of two reactants within 10 seconds and determining the Pr value of 


the fresh mixture either by a glass electrode or optically. By mixing a solution of HCO, 
with HCI the true carbonic acid 


| 


obtained and it acidity constant can be determined 
kewise by mixing of molybdate or tungstate with HCl somite information can 
monomolecular H,MoO, and H,WO,. The monomolecular hydroxocom- 


gated by mixing rapidly the solutions of metal 


conductivity measurements of Eigen [1] in Germany 

S. have shown that proton transfer reac- 

They have rates of the second order reactions 

Mol~*, Second '~, which means that practically every 

on between the proton donator and the proton acceptor is successful. 
’ 


ere able to mix the solutions of an acid and a base at concentra- 


out 10~°* instantaneously, the equilibrium would be reached 

seconds. Such reactions therefore are practically instanta- 

being complete as soon as the two solutions are mixed because 
ng of two aqueous solutions needs at least 10~° seconds. 

Metal complex formation on the other hand may be quite slow and 

ive reasons to believe that quite generally these reactions will be 

than proton transfers, especially if robust and complexes of high 

ire involved. If this is true, the first step of many complex che- 

i] reactions will be a proton transfer and only afterwards the primary 

ducts will react further. Protonation or deprotonation will for instance 

the first step during the formation of polynuclear complexes. If a base 

led to the solution of a heavy metal salt primarily the aquo complex 

tal in question will be deprotonated and the condensation of 

iroxo complexes such formed to polynuclear species and _ finally 

insoluble metal hydroxide or oxide will take place somewhat slo- 

wer. Correspondingly, acidification of an oxocomplex such as Cr0,*~, 


Mo0, or WO,*~ will primarily lead to protonation of the oxocomplex 
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amion and only in a second step condensation will take place, say to 
dichromate Cr,0,°~ or the ions of the meta- and paramolybdates or tung- 
states. 

2. In order to detect and investigate such unstable protonated and 


deprotonated species we have built a streaming apparatus which allows 


us to mix the solutions of two reactants within 10~* sec. making also a 
pH-measurement of the fresh mixtur thin this time. Such a streaming 
technic has already been used by Roughton [3] in Cambridge in the 20s 
for the investigation of the true carbon cid H,CO, as the protonation 
product of HCO,~. The solutions of bicarbonate and hydrochloric acid 
were mixed rapidly and in the tube containing the flowing mixture va 
rious quantitaties were measured at several points, corresponding to dif 
ferent ages of the mixture. It Is especia easy to measure the conducti 
vity. [4]. Other quantities measured re temperature [5] and light 
absorption [3]. 

We were interested in determining the pH-value of such streaming 
mixtures and we have therefore equi] yur streaming apparatus with 
glass electrodes. The main difficulty e1 ntered was due to the fact that 
glass electrodes [6] have a comparatively large surface which must come in 
contact with the liquid. The electrode mpartment cannot be made very 
small and can hardly have a smaller ° ime than about 0,3. ml. The 
content of this electrode cell has to be replaced very rapidly, if the mea 
surement has to correspond to a small time interval. Making this 
interval 10~* seconds, 30 ml of solution have to flow through the electrod 
cell in a second which corresponds t it 2 litres per minut lLarge 
volumes of solutions therefore have to be mixed in ratios which have t 


be known very accurately. 


3. Figure 1 shows a diagram of ou! paratus: 6 and 5 are the cylin 
ders and pistons yf two syringes of a content of 100 ml each. The pistons 
are pushed with exactly equal speed into the two cylinders by the syn- 
chronised motor 2. The cylinders contain mercury which is pushed in 
the vessels 7 and 7’ containing the reactants. Exactly equal amounts of 
these solutions are therefore pressed out into the tubes 11 and 11 at a 
speed of about 20 ml per minute. These | streams of the comparatively 
concentrated reactants are now diluted jut 50 times with the solvent 
flowing out of the pressure tank 25 in | lilution chambers 12 and 12’. 
Now we have two streams of the still se rated but diluted reactants flo- 
wing with a speed of about 1 Liter per : ute each and entering the mi- 
xing chamber 13 giving a stream of th ixture of 2 litres per minute. 
The mixing chamber 13 carries also the first glass electrode, the surface 
of which is reached by the stream about 10~~* seconds after entering the 


mixing chamber. The mixture flows then past other glass electrodes 14, 
14’ etc. serving for the pH determination of the somewhat aged mixture. 
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The chambers 12, 12’ and 13 are constructed alike, the two solutions to 
be mixed entering a central tube tangentially through two capillaries 
each, creating such a violent vortex. Each glass electrode is washed con- 
tinuously for several minutes with the mixture the age of which remains 
constant and therefore the electrode has plenty of time to reach the equi- 


Diagram of apparatus 


librium potential corresponding to the pH of the mixture. It has been found, 
that the pH-measurements can be made nearly as accurately as in a so- 


lution at rest, provided the solution has a high enough conductivity. If 


the conductivity of the solution is too low, streaming potentials set up 
at the electrode surface cause wrong readings. We have used 0,1l-m KCl 
in the solvent in tank 25 to make the mixtures conducting and at the sa- 
me time to create a‘constant ionic strength » = 0,1. The pH measured 
refers to the concentration and not to the activity of the hydrogen ion. 

By mixing HCO, and HCl we could prove, that the reading on the 
first electrode corresponds to a p/i-determination well within 10~* sec. 
after mixing. The thermodynamic dissociation constant of true carbonic 
acid is known accurately since a few years [2] and its pK at pu 0,1 can 
be calculated to be 3,66. With this value, the pH-values of the fresh mix- 
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tures of HCO,” and HCl can be calculated and found to check accurately 
with our readings within + 0,02 pH-units. The half life of H,CO, being 
only 0,07 seconds, the age of the mixture, the pH of which was determined, 
certainly cannot have been more than 10~* seconds. Some authors clai- 
med that they were able to mix two solutions with their devices within 
10 ~* seconds. The proofs given, however, were not always too convin- 
cing and furthermore much smaller volumes of solutions were mixed than 
with our apparatus. 

1. Our apparatus began to work properly only in spring of this 
year. The following results by mixing chromate, molybdate and tungstate 
with hydrochloric acid have been obtained in the weeks just before the 
symposium in Rome and perhaps are still of a somewhat preliminary 
nature. 

rhe slightly alcaline solution (pH ~ 9) of one of the salts K,Cr0,, 
K,Mo0,, K,WO,, with the simple anion MO,*~, was filled into vessel 7, 
using concentrations from 2.10~° to 1, and mixed with HCI coming from 
vessel 7’. From the dilution ratios the total concentrations |MO,], and [H], 
in the final mixture were obtained and the degree of protonation p has 
been calculated according to equation (1) 


[4], — [4] 
|MO0,), 


A p-value of 1 corresponds for instance to the monoprotonated species 
HCrO, or to its dimerisation product Cr,0,~*. A p-value of 8/7 = 1,14 
corresponds to a mixture of H,Mo0O, and HMo0, in the ratio of 1 : 6 or 
to the condensation product Mo,0j,~ and so on. 

If simple protonation to the mononuclear species 4MO, and H,MO, 
occurs, the protonation function (p verus p//) must be independant of 
the total concentration [MO,], and must obey equation (2): 


p + (p-1) + [H] + K, + (p-2) . [HP - K, + K, =0 


where log K, and log K, are the pK-values of the acid H,MO,: 


: [HMO,] se [H,MO,] 
‘= TH). [MO,] ° > [H] - [HMO 


When the protonated species condense to a dimer or to polymers equation 
(2) is no longer obeyed by the experimental protonation curve and this 
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curve will depend on [MO,],. By lowering the concentration [MO,], the 
condensation reaction is slowed down and we should reach finally a con- 
centration, where the pH-measurement can take place before condensa- 
tion occurs if we carry out the determination a very short time after mi- 
xing. This protonation curve, which has again to obey equation (2) and 
which does not change any more by reducing [|MO,], still further we 
shall call limiting curve. 

5. (Fig. 2) shows the protonation curve of CrO,~ determined within 
10—* seconds. The function is not dependant on the concentration [CrO,], 
and is exactly described by equation (2) with pK, = 6.04 (solid line drawn). 


Only monopronation occurs, pK, being well below 1,5 and the third term 
of equation (2) is therefore negligibly small within the pH-range reached 


and can be ommitted: 


1). [H]. K, =0. 


This means that H,CrO, is a strong acid with a pK-value probably of 
about 1. 

On standing, the pH of the solutions within the buffer range increa- 
ses slightly as shown by the small squares at p = 0,1; 0,3 and 0,8. This 
is due to dimerisation of HCrO,~ to Cr,0,°—. From this pH change, the 


dimerisation constant can be obtained: 


[| Cr,0,] 
|HCr0,- 


and the value calculated checks well with the findings of Sherill [7] and of 
Saal [4][10]. A solution of K,Cr,0, therefore contains a considerable amount 
of HCrO, and by mixing such a solution with increasing amounts of 
NaOH in our apparatus, the HCrO, can be titrated, because the neutrali- 
zation of it is instantaneous, whereas the neutralization of Cr,O ,*~ needs 
time. The rate of dissociation Cr,0,-° + 2HCrO, could be obtained rou- 
ghiy from the time needed to reach equilibrium after diluting a concentra- 
ted solution of K,Cr,0, and from this rate the rate of dimerisation of 
HCrO ~ was found to be of the order of 1 liter, mol~', sec—' at pH ~ 7. 
The reaction is speeded up considerably with increasing acidity. 

By mixing a concentrated solution of A,Cr,0, with HCl in the strea- 
ming apparatus, it was found that the ion Cr,0,-~, just as HCrO,-, can be 
protonated neither to an appreciable extent above pH ~ 2. HCr,O,~ there- 
fore also has a pK of less than 1,5. 

6. Acidification of molybdate (fig. 3) reveals an entirely different 
behavior. The protonation curve obtained at [Mo0,], 7.10~* is unsym- 
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metrical and therefore equation (2) is not obeyed. Also the changes cau- 
sed by a reduction of the concentration show clearly that polymerisation 
has taken place in the short time of 10°~ seconds already. However, at a 
concentration of 2.10*~ limiting values are reached, or nearly so, for the 
first part of the curve, because a further reduction of the concentration 
to [Mo0,), 1.10°~ does not alter the curve any more. Unfurtunately the 


@ [Mog J- 


Protonation Curve of Molybdat« 


rapidly increasing uncertainties in p (equation 1) do hardly allow to lo- 
wer the concentration still further. It is certain, however, that the first 
part of the final limiting curve, corresponding to the formation of mono- 
nuclear protonated species, cannot run more than a few hundredth of 
a pH unit lower and its second part (p > 1,5) must run through higher pH- 
values than those measured. 

It is remerkable that this limiting curve has nearly the shape of a 


« diprotonation in one step », according to the reaction: 


Mo0,?~ + 2 H+ > H,MoO, 


without the monoprotonated form H MoO, being present in an appreciable 
concentration. This means: pA, > pK,, HMoO,~ being the stronger acid 
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than H,Mo0,, which has the consequence that the second term in equa- 
tion (2) is negligibly small and can be ommitted: 


(2b) p + (p-2). [HP.K,.K, = 0 


The broken line 2) in Figure 3 corresponds to this equation, the product 
of the constants being assumed to be: K,- K, 107” (then at p f. 
pH = 1/2 (pK, + pkK,) 3,88). The solid line drawn through the expe- 
rimental points is not quite as steep as line 2) and suggests that the in- 
termediate HMo0O,~ is not completely absent, but reaches about 10-20 % 
of [Mo0O,), at its maximum where p = 1. 

The pH-values reached after 10*~ seconds at [Mo0,], 7.10—* did 
not change any more on letting the mixtures stand for several hours. It 
is known |8] that the equilibrated solution contains the ion Mo,0,,°~ up 
to a protonation of p ~ 1,1 and that probably Mo,0,,‘~ is formed at hi- 
gher acidities [9]. This polymerisation takes place at a very high speed. 
The pH-values of the solutions of the age of 10~* seconds at [Mo0,), 
2.10~* and 4.10~° increase only slightly on standing, as shown by the 
arrows in fig. 3. So we are just able to protonate somewhat faster than 
condensation occurs. If this condensation takes place in a series of bimo- 
lecular reactions, these must run with rate constants of the order of at 
least 10° litres mol.~', sec~', i. e. 100000 faster than the dimerisation 
of HCr0, 

7. The full lines of fig. 4 are the experimental protonation curves of 
tungstate as determined within 10~* sec. after mixing. With WO, it is 
still more difficult to reach the limiting curve than it is with MoO, 
The curves obtained at [W0,|, 8.10~*, 2.10*-, 10*~ and 5.10°~ are all 
unsymmetrical and each reduction of the concentration gives again rise 
to a change in the protonation curve. It is not possible to lower the 
tungstate concentration still more because of the rapidly growing errors 
involved. 

It is remarkable that the curve at [W0,|, 8.10—* leeds up to a de- 
gree of protonation of 1,25 only; even by an increase of the acidity down 
to pH 45 no more protons being added. The degree p ,25 corresponds 
to the formation of [H,W,0,,aq./~ or a multiple of it, which seems 
to have no longer basic properties. However, it is a quickly formed pri- 
mary condensation product only. On ageing changes take place causing 
an elevation of p as well as pH as can be seen from the values marked 
with an arrow which have been determined 24 hours after mixing. 

At the lower concentrations 2-10~*, 10~* and 5+ 10~° degrees of proto- 
nation of more than 1,25 are reached; it is noteworthy, however, that all 4 


experimental lines meet in one point at pH = 3,97 and a p-value not far 
from 1,25. If independant of the concentration [W0O,],, the same primary 
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condensation product [H,W,0,, aq./>~ is formed, such a common cross- 
ing point is to be expected and this point will then also belong to the 
limiting curve. Below p 1,25, this limiting curve must run through 
lower pH-values than the experimental points obtained at [W0O,] 

9.10°~ and above p 1,25 through higher pf-values. Furthermore 
the limiting curve must obey equation (2) and cannot be steeper than 
the function (2b) which has been introduced as a broken line in Fig. 4 


~ 


thin 10 “seconds 


0 eguiliriam yalrdes 


+ 


- Protonation Curve of Tungstate 


going through the common crossing point. The true limiting curve corre- 
sponding to the mononuclear protonation of WO? therefore must run 
between this broken line (26) and the experimental points obtained at the 
lowest tungstate concentration [W0,], 2.10°~. Its position therefore 
is fairly well established and its form corresponds, as in the case with 
molybdate, again to a «diprotonation in one step », or nearly so. The 
product of the constants K,-K, cannot be far from 10’ corresponding 
to a mean of the two pK’s of 4.05. 

The rate of polymerisation is extremely fast. The second order rate 
constants of the bimolecular steps leading to the primary condensation 
product being at least of the order of 10° litre, mo]~', sec. ~*. Later a slow 
transformation of the primary product containing 4 WO? - and 5 H* 
takes place. 

8. If the mean 1/2 (pK, + pK,) is used as a measure of acidity, we 
find decreasing acidity in the series of the mononuclear species H,Cr0, 
( ~ 3,5), H,MoO, (= 3,88), H,WO, ( 1,05), which is as expected. 


However, chromate adds two protons in steps which are completely se- 
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parated, whereas there is practically no intermediate in the formation of 
molybdic acid and tungstic acid. The difference may be caused by the 
increase in coordination number taking place uring the acidification of 
MoO; and WO? 


Formulation (3) shows that the symmetrical MO?~ can be transfor- 
med into symmetrical M (OH), with two protons and the higher stability 
of these symmetrical species might render the intermediate unstable. 

rhe increase in coordination number possibly also causes the very 
much higher rates of polymerisation of mononuclear protonated molybdate 
and tungstate in comparison to protonated chromate. Condensation of 
HMo0O, and HWO, could be a simple addition reaction because of the 


increase of the coordination number. On the other hand condensation of 
two molecules of HCrO,;~ must be a substitution because of the exit of 


water. 
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DISCUSSI¢ 


Sillén — (Stockholm) — Y. Sasaki in Stockhoin , tly studied the equilibria of MoO 
with H~+. At equilibrium, he could find no appre centration of any intermediate in 
the reaction 7Mo0; + 16H+ Mo,0,,° + 8H,O. It teresting that the formulas of som 
the intermediates can be determined with tl thod 

For comparison with equilibrium data, s (it ild be desiderable to have a constant 
temperature in the mixture studied. Is this po tive of the H of the reaction ? The 
reagents might be preheated or precooled to giv temperature at the electrode. Could 
this be easily arranged in your apparatus 


Schwarzenbach — We have the desire to keep the | perature rather low because of the 


gieat speed of the polymerisation reaction even at 20°C. It should be possible however to go to 


25°C in the molybdenum system. 


Lime 


mixture always having the same composition and the 


the 
be 
re 
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Dyrssen St n I would like to ask if there 


is nec ' have a very fast reacting one ? 


is any need for a special glass electrode, 
I would also like to point out investigations 
sen and Glemsen (?) with ultra sonics. From their measurements, they were 


the reaction rates for both the association (10) and dissociation (10*) of ben 
acid arbon tetrachloride 


Schwarzenbach s electrode is needed because the electrode has plenty of 


to adapt its potential to th »H, being washed for several minutes with the streaming 
2 


same age (about 10 = sec.). Concerning 
1 remark of Dr. Dyrssen, I want to say, that the rates of protontransfer reactions can 


»btained also from polarog yf data (P. Riietschi, Z. Physical Chem. 5, 323, 1955). The- 


e, there are three metho ultrasonics and polarographic. 


Kinetic studies of the aquation 
of chromium(IIl) ammines 


JANNIK BJERRUM ano ERIK JORGENSEN 


Chemistry Department A, Technical University of Denmark, Copenhage kenmark 


Summary: The aquation of the hexammine, | n nd tetrammine chromium 
'} f 


(111) ions in acidic as well as in basic solution wa chromatographic analysis of 


the reaction mixtures. Further the aquation of t liammine ion was followed by a 


pH titration method, and the existence of a rela mwmmine ion was proved, 


In a paper with C. G. Lamm [1] one of the authors has found that the 
aquation of the hexammine chromium (III) ion in nitric acid solutions is 
independent of the hydrogen ion concentration, and the following expres- 
sion was found for the pseudo-unimolecu velocity constant (in sec™*): 


AHOOO 


10** *exXp - 


In the present communication this study is extended to the pentamm 
ne, tetrammine and diammine chromium complexes. The general aquation 


rye 


scheme of the luteo ion is supposed to 


4 4 
3 -~ 


y 
2 


where the figure gives n in Cr(NH,),(/1,0) . In acidic solution we hav 

a complete irreversible decomposition from Cr( NH), to Cr(i1,0),.*** 
but isomerization between cis and trans complexes might occur (2, 3, 4 
stand for the cis, and 2’, 3’, 4° for the trans complexes). As mentioned a 


bove, luteo decomposes according to a first order reaction 


-d In{Cr(NH,)¢] 


k We: 
— di > 
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where We, is reaction probability per unit time of transforming hexam- 
mine to pentammine. Pentammine also decomposes according to a first 


order reaction 


d In{ Cr NH 5] 
df 


but here k_, is the sum of two reaction probabilities. The decomposition of 
the tetrammines is more complex. The rate constants are complicated fun- 
ctions of the various reaction probabilities wy, Wy, Wy. Ways Weg. Wy 


It can be shown that k_, and k_, are roots in 
(Wy, 
(Wyy + W, 


and similar expressions exist for kK_,, k_,-, and k_,, k_,. Finally we have 
for the hypothetically monammine complex 


—d In{Cr(NH,)} 
rT Wro 

lhe decomposition of the hexammine, pentammine and cis-tetrammine 
complexes was followed by chromatographic analysis of the mixture of 
complexes formed during the reaction using the method of Bjerrum, Jen- 
sen and Woldbye [2]. This method only works in alkaline solution, and the 
complexes are to some extent decomposed during the chromatographic 
analysis. For this reason the pentammine and especially the tetrammine 
could only be determined with a relatively high uncertainty. However, 
reasonable values for the rate constants were estimated from the slope of 
the straight line in a plot of In Cony. versus time. The kinetics was 


followed in darkness at 40°C in nitric acid solutions (Cy yo C xgwo,==0.4M) 


as well as in alkaline solutions (Cy,oz Crewe 0.4 M). 

\s time unit were used hours, and some of the results are given in Ta- 
bles 1-4. Tables 1 and 2 present k_, and k_,. The concentrations founds by 
the chromatographic analysis are given in the second column. They are 
to be compared with the values in the third column which are calculated 
from the total concentration and the rate cor stant found graphically. In 
Table 1 is also shown the amount of pentammine which was actually found, 
and the amount which could be calculated fron the expression for the in- 
termediate in two consecutive monomolecular reactions. 

Tables 3 and 4 are constructed in the same way. These tables give 
k_, and k_, for the pentammine and cis-tetrammine complexes, but there 
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TABLE 1. — 0.0478 M Cr(NH,),*+*+* in 0.4 M HNO, at 40 °C 


he xammine pentammine 


time f O05 NHs/ Cr 
. found k—@ : 0.0051 
(hours) C5 } in products 


TABLE 2 0.0569 M Cr(NH,)<H,0)*** in 0.4 M HNO, at 40 °C 


hours found 


is no good conformity between the amount of tetrammine found during 
the aquation of pentammine and the rate constants. Therefore, a column 
has been added showing the amount which should be expected if the pen 
tammine was aquated through the trans-tetrammine exclusively, and 
this complex disappeared at a rate ten times faster. It will be seen that 
this assumption gives a rather good agreement. 

The last column in Tables, 1, 2 and 4 indicates the average number o 
ammonia per chromium atom in the reaction products. These figures were 
obtained from a pH titration of the free nitric acid, and in this way it has 
been determined how much acid the released ammonia has « onsumed. The 
figures give immediately the impression that di- and monammine are as 
robust as hexammine and that triammine is comparable to pentammine. 

The pH titration technique was used in a refined form for following 
the decomposition of the diammine complex obtained from Reinecke salt. 
In the following this was assumed to be the trans complex. To obtain the 


accuracy required for significant information it was necessary to determine 


the first acid dissociation exponent pA,, of the complexes simultaneously 


BIERRUM, ERIK JORGENSEN 


M Cr(NH,),(H,0)*** in 2 M HNO,, 0.2 M NNO, at 40°C 


etrammiuine 


is (Cr NH,)( H,0),7 ++ in 0.4 M HNO, at 


with the equivalence point. The titrations were made at ca. 20° C. The in- 
terdependence of these quantities was the basis for an iteration method 


which gave the figures of columns numbers 2 and 3 in Table 5. The table 


ilso gives pK,, and pK,, of the diammine complex at 20°C. Already the 


second column shows that there must be an intermediate of comparatively 
high stability with a higher value for pK, , than in case of the diammine and 
hexaquo chromium ion. The third colum gives the average number of am- 
AC,” ., 
monia in the mixture of complexes n = 2 — — if A Cyt is the ti- 
108 


trated decrease in hydrogen ion concentration and C,, the total chromium 
concentration. This number can theoretically be expressed as 


n= d,+ exp (— k_, +l) + a,-exp (— k_,-l) + a,-exp (— k_,°l) 


where the k’s are the rate constants mentioned in the introduction. The 
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TABLE 5 0.0473 M Cr(NH,)A( H,0),*+** in 0.2046 M HNO,, 0.2 M KNO, at 
- 2, pKe1 1.11, pKe 6.59, pKa 9.17 


hours PK ai (20 


| ABLI b Some prope rlies of th mplexes 


pKal 


trans- 
Cri N H,),( 1,0), + + + 
CriN H,)H,0), + + + 


cr (11,0), 79 


n(l)'s obtained were fitted to such a curve by trial and error, and the follo- 
wing values of the parameters were chosen to describe the system 
0.60 
0.041 0.0025 e . 0.0093 
rhe seventh column contains n calculated from these parameters 


Some of the reaction probabilities can be calculated from this expression. 
W,. is identical with k_, = 0.0093, and w,,, is equal to the sum 


10 
a,+k_» + a,-k_, 4 0.035. 


These reaction probabilities are the most certain but it is also possible 
to form an estimate of w,. S 0.0056 and w,, + Ww... ~ 0.0027. 


The «’s of Table 5 are the relative amounts of the corresponding com- 


plex, and it is seen that the monammine (2,) is the predominant complex 
for the period of 30-80 hours after the start of the reaction. Also the cis- 
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fairly high amounts — up to II for the same 
ssarv to make serious reservations regarding this 
the estimates of w,,. and Wy w,.., While the 


equation are not critically influenced by thes 


light absorption at o different wavelengths 
then possible to calculat the molar extinction 


constants (hour! } 0.1 M HNO, at 40°C 


coeflicients ¢ for the unknown monammine at these wavelengths. The cis- 
diammine, however, did not reveal itself, partly because of the relatively 
smal concentration and partly because its spectrum may differ little from 
that of the trans-diammine. Table 6 shows the properties of the monammi- 


Velocity constants (hour!) in W NaOH at 40°C 


ne, and for comparison the corresponding figures for the trans-diammine 
and hexaquo chromium ion. 


Che results mentioned are summarized in Fig. 1. Fig. 2 is a similar 


scheme describing experiments in basic solutions of similar ionic strengths 
(u ~ 0.5); the chromatographic method was used. As a whole the hydroxo- 
ammine complexes are much less robust than the corresponding aquo com- 
plexes. It is therefore remarkable that hydroxopentammine is seen to de- 


compose more slowly than the aquopentammine chromium ion. 
The complexes (CJ in figures 1 and 2) were prepared by conventional 
methods. Hydrogen peroxide was used for oxidizing the Reinecke salt. 
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DISCUSSION 


Adamson (Los Angeles) Did you make any me 


sation of Rei 
neck: iit during the course of your use of this salt 


lex ? 
Bjerrum No, we have not made measureme during our preparation of 
cke’s salt, but I may mention that C. E. Schaffer modified Werner wescription for 


g the tetraquodiammine nitrate by oxidizing : t with hydrog veroxide in 
with chiorir 


Die Aquotisierung 


von |Cren,’* in wassriger perchlorsaurer Lésung* 


HANS L. SCHLAFER unp OTTMAR KLING 


ysikalische Chemie der Universitét Frankfurt am Main Deutschland 


Zusammenfassung: Die in wassriger perchlorsaurer Losung (p, 1) zum cis- [| Cr 


H,O + verlaufende Aquotisierung von | Cr « + wird spektrophotometrisch, pola 
rimetrisch und refraktometrisch untersucht. Die Reaktion lauft s Zweistufenreaktion 
mit zwei Schritten erster Ordnung ab, von denen der erste ca. 2 nal schneller ist als der 
zweits ler nach kurzer Anlaufzeit praktisch geschwindigkeitsbestimmend wird lie ki- 
netischen Daten fiir den zweiten Schritt werden angegeben. Es wird ein HKeaktionsmechua 


smus f die Aquotisierung diskutiert 


Die gelb gefarbte wassrige Lésung des Tris-Athylendiamin-Chrom 
(111)-Komplexions verfarbt sich im Laufe der Zeit sowohl im Dunkeln 
wie auch beschleunigt bei Lichteinstrahlung nach hellrot. Nach langerer 
Zeit nimmt sie, vorausgesetzt, dass die Aciditat geniigend hoch ist, die 
bekannte violette Farbe des Hexaquo-Chrom(II1)-ions an. Es handelt 
sich also um die Reaktion 


(1) [Cr en;|°* > [Cr(H,0),|°* 
gelb hellrot violett 


bei der Athylendiamin im Komplexion successive durch H,O ersetzt wird. 

Untersucht man diese Aquotisierung unter bestimmten Bedingungen 
(verwendet man [Cr en,|(C/0,), in HCIO,/NaClo, -Standardlésungen be- 
stimmter Zusammensetzung, wodurch der p,-Wert wahrend der Reaktion 
auf 1 konstant gehalten wird), so besteht die erste fassbare Reaktions- 
stufe in einer Umwandlung des [Cr en]** zum cis-[Cr en,(H,0),]** -lIon 
nach (2). 


(2) [Cr en,|°* + 2H,O + cis-[Cr en,(H,0),|°* + en. 
gelb hellrot 


(*) vergl. H. L. ScHLArer u. H. Serpe, « Z. phys. Chem. (N.F.)»; H. L. ScatArer u. O. Kura, « Z. 
phys. Chem. (N.F.)» im Druck. 
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Dass eine solche Reaktion stattfindet, kann spektrophotometrisch 
nachgewiesen werden, indem man die zeitliche Anderung des Absorptions- 
spektrums von [Cr en,]** (Abb. 1) untersucht. Dabei beobachtet man 3 
isosbestische Punkte (,). Ihre Koordinaten sind identisch mit den Koordi- 


naten der Schnittpunkte der Absorptionskurven von [Cr en,]** und cis- 
[Cr en,(H,0),)*°* (Abb. 2). Es besteht nunmehr die Méglichkeit, an den 


“4 
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Ans. 1. Zeitliche Anderung des Absorptionsspektrums bei der Aquotisierung von [Cr ems) Cl0,), in 
HClO, NaCl0,; Py 1.0; ¢ = 20.0°C). 
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Ass. 2. — Theoretische Ermittlung der Koordinaten der isosbestischen Punkte. (Die Stellen, an denen 
die Extinktionsinderungen zur quantitativen Untersuchung der Aquotisierung gemessen wurden, 
sind durch Pfeile gekennzeichnet) 
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drei in Abb. 2 eingezeichneten Stellen die zeitliche Anderung der Extink- 

tion zu messen solange die isosbestischen Punkte erhalten bleiben und 

damit die Kinetik der Dunkelreaktion (2) quantitativ zu untersuchen. 
Es ist zu erwarten, dass die Reaktion (2) nach der ersten Ordnung 


ablauft, d.h. ihre Halbwertszeit sollte unabhangig von der Ausgangskon- 


w= 107| 300 °C 
fp’) 250 °C 
‘ a a 
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ABE } Abhangigkeit der fir eine Einstufenreaktion 1. Ordnung berechneten Geschwindigkeits- 


| 
1 


konstanten von der Reaktionszeit 


zentration an [Cren,|°* sein. Die Priifung durch Extinktionsmessungen 
bestatigt diese Erwartung. 

Ermittelt man aus den fiir verschiedene Temperaturen gemessenen 
Extinktionswerten die Geschwindigkeitskonstanten unter Annahme einer 
Einstufenreaktion 1. Ordnung, so zeigt sich (Abb. 3), dass die so berech- 
neten Reaktionsgeschwindigkeitskonstanten einen deutlichen Gang auf- 
weisen. Die Darstellung in Abb. 3 erweckt den Anschein, als ob dieser 
Gang mit abnehmender Temperatur verschwinden wiirde. Dies wird je- 
doch nur durch die Art der graphischen Darstellung vorgetauscht, wie aus 
\bb. 4 zu erkennen ist, in der die erhaltenen Werte auf ein gemeinsames 
Koordinatensystem umgerechnet wurden. Alle Punkte liegen in einer ge- 
meinsamen, zur Mittelwertsgeraden geneigten, schwach gekriimmten Zone, 
woraus folgt, dass der relative Gang fiir alle untersuchten Temperaturen 
etwa der ‘gleiche ist. 

Man kann sich leicht tiberlegen, dass ein solcher Gang nicht durch 
Ungenauigkeiten in der Messung der in die Beziehung fiir die Berech- 
nung der Reaktionsgeschwindigkeitskonstanten eingehenden Werte der 
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Extinktion von [Cr en, (H,0),|** bwz. [Cr en,]** zustande kommen kann. 
Ebens6 ist, wie man leicht aufgrund von Ueberlegungen an Hand der iso- 


| 
+20 - 


% Abweichung vom Mittelwert 


30.0 °C 
25.0 °C 
20.0 °C 
1§.0 °C 
10.0 °C 


Prozentische Abweichung der Konstanten vom Mittelwert als Funktion von / 


sbestischen Punkte einsehen kann, auch eine Weiteraquotisierung, also 
Folgereaktionen vom cis-[Cren,(H,0),|’* aus, fiir einen solchen Gang 
nicht verantwortlich zu ma- 
chen, da nur bis zu etwa 30- 
10°, Umsatz gemessen wur- \ 
de, wahrend die isosbestischen ‘ 

- 


Punkte erst bei wesentlich 


E, log (E,-E) 


“0400 


grésserem Umsatz verschwin- 


: 


den. 


Q 
ar ' , log(E,-E_.) 
Tragt man die gemes- a, stele 


\ ° 


senen Extinktionswerte gegen a 
die Zeit auf, so erhalt man in- 
nerhalb der Messgenauigkeit 
Gerade, wie aus Abb. 5 fiir 
ein Beispiel (30°C, 440 my) zu 
ersehen ist. Zum Vergleich ist 
auch die Kurve log (£,- Ea) 
gegen ¢ (FE, = Extinktion zur 
Zeit? und Ea Extinktion #8. 5. ~ Vergleich der zeitlichen Extinktionsinderungen 


: : ‘ bei linearer und logarithmischer Darstellung (440 mu; 
von cis-[Cr en,(H-O),]**) mit 30°C). 
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eingezeichnet, die eine Anfangskriimmung zeigt. Diese Kurve sollte be- 
kanntlich bei Vorliegen einer Einstufenreaktion 1. Ordnung eine Gerade 
sein. 

Das einem solchen linearen Zusammenhang zwischen Extinktion und 
Zeit entsprechende Zeitgesetz ergibt sich zu: 


da 
dt 


wenn a die Konzentration an [Cr en,|°* zur Zeit { und a, dessen Anfangs- 
konzentration ist. Dabei ist in (3) beriicksichtigt, dass trotz des linearen 
Zusammenhanges zwischen Extinktion und Zeit Unabhangigkeit der Halb- 
wertszeit von der Anfangskonzentration zu fordern ist, wie experimentell 
nachgewiesen wurde. 

Aus den Extinktionswerten von bei verschiedenen Temperaturen 
durchgefiihrten Messreihen lassen sich die zugehérigen Konstanten k be- 
rechnen. 

Das Zeitgesetz (3) ist beziiglich der Konzentration an [Cr en,]** von 
der 1. Ordnung, beziiglich der Zeit jedoch von O. Ordnung, denn die 
‘eaktionsgeschwindigkeit ist proportional der Anfangskonzentration an 
[Cr en,]**. Daher ist das Vorliegen einer einfachen Reaktion auszuschlies- 
sen, d.h. das unter (2) angenommene Reaktionsschema gibt den wahren 
Ablauf nur unvollkommen wieder und muss erweitert werden. 

Es ist plausibel anzunehmen, dass die Ablésung eines zweizahligen 
Liganden wie Athylendiamin und die Besetzung der beiden freiwerden- 
den Koordinationsstellen durch H,O nicht — wie zunachst angenommen — 
in einem Schritt erfolgen kann. Wahrscheinlicher ist vielmehr, dass diese 
Substitution in mindestens zwei Schritten nach 


[Cr ens]** X -— cis-[Cr en,(H,0),]** 


ablauft, wobei die Natur des Zwischenkérpers zunachst noch offen bleibt. 
Beide Teilschritte sollten nach der ersten Ordnung ablaufen. 

Eine Interpretation der Messergebnisse mit einem solchen Reaktions- 
schema ist nur dann stichhaltig, wenn sie gestattet, die folgenden beiden 
experimentellen Tatsachen zwanglos und gemeinsam zu deuten: 

1) Von Beginn der Reaktion an sind gleichzeitig drei isosbestische 
Punkte vorhanden, die solange erhalten bleiben, bis sich die Weiteraquo- 
tisierung von B bemerkbar macht. 
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2) Im Rahmen der Messgenauigkeit findet man einen linearen Zu- 
sammenhang zwischen Extinktion und Zeit und ein Zeitgesetz von der 
Form (3). 


E, 


k,* 0.0500 (7 
ky * 0.0020 (¢"'] 


50- 


e 
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= 


1. Ordn 1. Ordn 
Ans. 6 Beispiel einer Zweistufenreaktion 


z 


Man kann sich tiberlegen, dass die experimentellen Befunde dann mit 
einem solchen Schema (4) vertraglich sind, wenn 


a) k,» k, ist (und zwar etwa 25 mal grésser) und 
b) e, (A) Sea), d.h. dass das Absorptionsspektrum des Zwischen- 
kérpers X praktisch mit demjenigen des Ausgangsstoffes identisch ist. 
Diese Verhaltnisse sind in Abb. 6 an einem Beispiel dargestellt. Im 
unteren Teil der Abb. ist der Konzentrationsverlauf fir eine Zweistufen- 


reaktion mit einem Konstantenverhaltnis 4, :k, = 25:1 in Abhangig- 
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keit von der Zeit aufgetragen. Im oberen Teil sind die resultierenden 
Extinktionsverhaltnisse fiir ¢, =e, = 2, e, = 1 gezeichnet, einmal die 
Kurve Extinktion als Funktion der Zeit, zum anderen die logarithmische 
Kurve log (E,-E,) als Funktion der Zeit. Die logarithmische Kurve 
zeigt zunachst die bekannte Anfangskriimmung (vergl. Abb. 5), um dann 
in eine Gerade tiberzugehen. Die Kurve E, Et) geht nach einer schwa- 
cheren Anfangskriimmung friiher in eine Gerade tiber, um dann nach oben 
abzubiegen und die logarithmische Kurve zu schneiden. Sie besitzt also 
eine schwache S-Form. Da wir die Reaktion nur bis zu etwa 30-40 % Um- 
satz verfolgen kénnen um die Weiteraquotisierung auszuschliessen, fin- 
den wir experimentell beim Auftragen der Extinktionswerte gegen die 
Zeit im Rahmen der Messgenauigkeit Gerade. Die geringe Anfangskriim- 
mung wird durch die Streuung der Messwerte praktisch tiberdeckt. So 
kommt das beobachtete Zeitgesetz (3) als Annaherungsgesetz fiir eine sol- 
che Zweistufenreaktion unter den genannten extremen Bedingungen zu- 
stande. Die Konstante k in (3) entspricht in Naherung der Konstanten k, 
in (4). Die Absolutwerte von k, sind jedoch, wie eine mathematische Ana- 
lyse zeigt, etwas zu klein und zwar, da alle Messungen bis zum gleichen 
Umsatz ausgefiihrt wurden, um den gleichen Faktor. Somit kann man 
aus der Temperaturabhangigkeit von k, zwar die Aktivierungsenergie fir 
den zweiten Teilschritt berechnen, die Absolutwerte der Konstanten sind 


jedoch so nicht zu erhalten. 


Der erste Teilschritt A —+ X ist spektrophotometrisch nicht direkt zu 
erfassen, da ef mit keiner messbaren Extinktionsanderung verbunden ist. 
Dass jedoch in der Lésung wirklich am Anfang eine Reaktion stattfindet, 
bevor sich im Absorptionsspektrum tiberhaupt Anderungen feststellen 
lassen, zeigt das Ergebnis differentialrefraktometrischer Messungen. 

In Abb. 7 sind als Beispiel fiir 30°C die Abstande des Doppelspalt- 
bildes gegen die Zeit aufgetragen. Die Untersuchungen wurden unter den- 
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Abstand des Doppelspaltbildes als Funktion der Zeit (Reaktionstemp.: 30.0°C). 
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selben Bedingungen wie die spektrophotometrischen Messungen vorgenom- 
men. 
Man sieht aus Abb. 7, dass die Brechungszahl innerhalb von 2 Stun- 


I. Anfangsver lauf 


Zet wn Sid 


I Gesamtveriouf 


400 Zeit mr Sid 


Ann. 8 Zeitliche Anderung des Drehwertes einer m/100 [¢ ren, CIO,)s Lésung (PA 1.0) 


den eine starke Zunahme auf einen Grenzwert hin erfahrt. Die Annahme 
eines zweistufigen Reaktionsablaufes nach (4) wird weiterhin durch die 
Ergebnisse polarimetrischer Untersuchungen an wassrigen Lésungen, die 
optisch aktives [Cr en,]** enthalten, bestatigt. 

Dabei zeigt sich, dass der Drehwert der Lésungen zu Anfang der Ver- 
suche ein Minimum durchlauft, um dann zu einem Maximum anzusteigen 
und schliesslich bei logarithmischer Auftragung in eine Gerade tiberzuge- 
hen. (Abb. 8). Wie eine Durchrechnung zeigt, kann man einen solchen 
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Drehwertverlauf nur unter Zugrundelegung des folgenden Reaktionssche- 


mas verstehen: 


(5) 


aktives [Cr en,]°* 

inaktives [Cr en,]°* 

aktives cis-[Cr en,(H,0),]** 

inaktives cis-[Cr en,(HO,),}* * 

Produkte der Weiteraquotisierung (inaktiv) 


Zwischenkorper 


Alle. Teilschritte verlaufen nach der ersten Ordnung. 
Der Drehwert « ist durch die transzendente Gleichung 


mit 


k, + 2k, und s, = k, + 2k, gegeben, wobei C,, C, und C, lineare Funk- 
tionen sind, die ebenfalls die Konstanten enthalten. Fiir den Fall, dass 
k, sehr klein ist (keine merkliche Eigenrazemisierung von [Cr en,]**) bleibt 
nach einer gewissen Anlaufzeit nur die e-Funktion mit dem kleinsten Expo- 
nenten wirksam. Sie bestimmt den linearen Abfall der Kurve log «, = f (1). 
Im vorliegenden Fall ist es die e-Funktion mit k, im Exponenten, sodass 
fiir den geraden Kurventeil 


(7) 


gilt. Damit lasst sich aus den polarimetrischen Messungen k, bestimmen. 
Die so erhaltenen Werte der Konstanten sind, da sie aus einer einzigen 
isolierbaren e-Funktion gewonnen werden, als genau anzusehen und wie zu 


erwarten etwas grésser als die spektrophotometrisch bestimmten k,-Werte. 
Als Aktivierungsenergie fiir den Schritt X — B findet man 


24.3 kcal/mol + 3 °% polarimetrisch und 


24.6 kcal/mol 1 % spektrophotometrisch. 


Die Uebereinstimmung der auf den beiden verschiedenen Wegen ge- 
wonnenen Werte der Aktivierungsenergie ist gut. Die zugehdérige Aktions- 
konstante PZ ist (7.1 + 0.1)°10" [see —’]. 
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Damiut ist die Annahme eines Reaktionsablaufes nach (4) als gesichert 
anzusehen. 

Die Frage nach dem Mechanismus hangt aufs engste mit der Natur 
der Zwischenverbindung X zusammen, fiir die aufgrund det experimen- 
tellen Befunde folgende 4 Kigenschaften gefordert werden miissen: 


rat Oe 
-T™, 


“_] 


(C,) 


1) XN liegt in merklicher Konzentration vor, 

2) Das Absorptionsspektrum von X ist mit Rahmen der Messge- 
nauigkeit mit demjenigen des [Cr en,]°* identisch, 

3) X behalt die absolute Konfiguration der Ausgangssubstanz 
[Cr en,|°* — zumindest latent — bei, 

1) Die Bildung von X ist mit einer deutlichen Zunahme der Bre- 
chungszahl der Ausgangslésung verbunden. 

Mit den Forderungen 1)-4) in Uebereinstimmung ist die Vorstellung, 
dass der Zwischenkérper X dadurch entsteht, dass ein H,0-Molekil an 
einer Koordinationsstelle in engere Wechselwirkung mit dem [Cr en,]**- 
Ion tritt. Dies kann entweder dadurch geschehen, dass das #/,0-Molekiil 
sich iiber eine Wasserstoffbriicke an einen Stickstoff eines Athylendiamins 
anlagert oder sich — wie in Abb. 9 dargestellt ist unter Ringaufweitung 
anlagert, wobei die weitere Bindung des Athylendiamins ebenfalls tiber 
eine Wasserstoffbriicke erfolgen kann, sodass ein Sechsring entsteht. 

Nach der elektrostatischen Theorie der Komplexverbindungen (Ligan- 
denfeldtheorie) spielt bei der Interpretation der Absorptionsspektren ne- 
ben der Starke des Ligandenfeldes seine Symmetrie bekanntlich die wich- 
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tigste Rolle [3]. Aus der Tatsache 2) ist daher mit grosser Wahrscheinlich- 
keit zu schliessen, dass sich auch die Symmetrieeigenschaften der Zwischen- 
verbindung gegeniiber der Ausgangsverbindung nicht wesentlich gean- 
dert haben kénnen. Eine Zwischenverbindung, in der eine Koordinations- 
stelle durch H,O besetzt ist und ein Athylendiamin nur eine Koordina- 
tionsstelle des Zentralions besetzt, hat eine Symmetrie (C,), die viel mehr 
derjenigen des cis-Diaquokomplexions (C,), als derjenigen des [Cr en,]°** 


(D,) entspricht. Daher ist eine solche Zwischenverbindung, obwohl sie 


mit den Forderungen 1), 3) und 4) vertriaglich ist, auszuschliessen. 

Eine Entscheidung zwischen den beiden Mechanismen, Ringerweite- 
rung durch eingelagertes 7,0 oder Anlagerung von /,0, ist zur Zeit nicht 
méglich. Auf jeden Fall aber ist eine gegeniiber den Molekiilen der Hy- 


drathille festere Bindung eines H,0-Molekiils als erster relativ schnell 
ablaufender Reaktionsschritt anzunehmen, an den sich dann ein zweiter 
Schritt anschliesst, durch den das cis-Diaquo-Ion gebildet wird. 
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DISCUSSIONS 


Basolo ( Evanston) I should like to ask if you did any work at greater than 1 


aPy 

Schlafer — Till now we have [not made quantitative investigations at py values greater than 
1. In the moment we try to find out what special bufler-systems we can use for this purpose. 
But there is some difficulty due to the complexing tendency of most of the common buffer sub- 
stances 


Adamson (Los Angeles) The structure of your intermediate resembles very much that 
which Dr. Basolo and I postulated for the aquation of acido pentamines, that is, a hydrogen 
bonded intermediate involving the entering water and the deporting acido group. I am a little 
surprised, however, at the high percentage of your intermediate which you find to be present du- 
ring the course of the reaction (up to 40 %). Do you fee) this reflects a high thermodynamic 
stability for this intermediate or that the high concentration is due just to the particular 
combination of rate constants envolved, i. e. that k, > k,, without X itself being particularly 
forced thermodynamically 


Schlafer We think there is no reason to believe that the intermediate X has a high 
thermodynamic stability. The high concentration of the intermediate, that is reached already 
during a period of about a few hours, depends only on the particular combination of rate constants 


that means k, ~ 25 k,. In the moment we have no theoretical interpretation for this experimental 
fact 


Schwarzenbach (Zurich) Lei Py 1 solite man erwarten, dass sich ein Proton auf dit 
freie Aminogruppe des Zwischenproduktes setzt, wenn wir dieses aB 
Cr (en), (H,O) (-NH,-CH,-CH,-NH,) 


formulieren. Bei héheren p, Werten hatte man deshalb vielleicht bessere Chancen das Zwischen 
produkt zu bekomme: Man kénnte dabei wahrscheinlich bis 5 gehen, ohne die Bildung 


pulynuklearer IKomplexe befirchten zu miissen 


Pu 
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Schiaéfer — Die Formulierung des Zwischenproduktes in der Weise, dass H,O eine Koor- 
dinationsstelle am Zentralion besetzt und ein Athvyvk imin nur eine NKoordinationsstell 
setzt und eine freie Amino-Gruppe aufweist, ist nac! erer Meinung unwahrscheinlich. Dage 
gen spricht die Tatsache, dass das Absorptionsspekt: es Zwischenproduktes praktisch mit 
demjenigen des Ausgangsproduktes identisch ist. Aut! d von Symmetrieiberlegungen unter 
Beriichsicktigung der Ligandenfeldtheorie ist vielmehr zunehmen, dass die Symmetrie von X 
derjenigen von [Cr en,}* + sehr Ahnlich ist. Aus diesem ¢ d erscheint uns eine Anlagerung eines 
H,O0-Molekils tber eine Wasserstoffbriicke an eine o-Stickstoff! ohne Ringaufsprengung 
bzw. eine Erweiterung des 5-Rings zum 6-Ring tiber cingelagertes H,O-MolekQl wahrschein- 
licher. 

Wir faihrten unsere Untersuchungen bisher nur be , 1 durch. Bei zu hohen p,,-Werten ist 


jedoch Bildung von Hydroxo- und polynuclearen Ix exen zu beobacht 


method for the determination of the stability 


constants of coordination compounds 


SERGIO CABANI £& EOLO SCROCCO 


Istituto di Chimica Fisica dell’'Universita di Pisa Italia 


Summary: A method for the determination of the stability constants of very stabk 
complexes of a metal with a ligand has been developed. In this method an antagonist ion 
is used to form complexes of known stability with the ligand 

By measuring the e.m.f. of concentration cells the values of the stability constants for 
the silver-dipyridy! system are obtained. Using silver antagonist ions the stability constants 
for the cadmium-dipyridyl system are determined. The values obtained by this method 
igree with those obtained by different techniques and those reported by other authors 

The values of the thermodynamics functions relative to various steps of formation 


of the silver-dipyridiy! and ir m-dipyridyvl complexes are reported 


In order to get a tabulation of the thermodynamic functions, varia- 
tion of heat content and variation of entropy, connected with the steps of 
formation of coordination compounds of a series of ligands with a series 
of metallic ions, we have studied a method allowing to obtain the values 
of the consecutive equilibrium constants also for complexes with a high 
stability. 

This method (the underlying idea of which has been already explo- 
ited by several authors [1, 10]) is based on the competition between two 
metallic ions M, and M, with a given ligand A. The ionic activity of me- 
tal M, (of which the stability constants of the complexes it forms with 
ligand A are known) is measured in a solution containing known stoichio- 
metric concentrations of the metallic ions M, and M, and varying concen- 
trations of ligand A. It is possible from all this to obtain the concentra- 
tion of the free ligand and to draw the formation curve, ny». = /(pA), from 
which it is easy to deduce the values k,, k,, ... k, of the stability constants 
of the species M,A,, connected with the further steps of formation. 

This method therefore is substantially similar to the one introduced 
originally by Berrum [11], in which the stability of the coordination 
compounds is determined through a potentiometric titration, in which 
the concentration of hydrogen ions during the reactions is measured (e. 
g. with a glass electrode) and one must know the stoichiometric concen- 
trations of acid, metallic ion and ligand, and the acid dissociation con- 
stants of the protonated ligand. 
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In those cases in which the coordination between metal and ligand is 
too strong, the hydrogen ion can be too weak an antagonist with respect 
to the metal, so that it may not be possible to obtain the first part of the 
formation curve with sufficient precision. In such cases it is useful to esta- 
blish an antagonism with the ion being studied by another metallic ion 
instead of the hydrogen ion; such ion should form rather strong comp- 
plexes with the ligand. Furthermore it will be useful to use this method 
when the ligand has a weak proton affinity, so that the pH of the solution 
changes little, also with large variations of the concentration of the ligand. 

We have applied the above method (which has been developed in its 
general treatment in a paper submitted for pubblication) to the study of 
chelates of 2-2’ dipyridyl with a series of divalent metallic ions. 


CA 
CAg 


0 1 2 3 ” 5 6 


Fic. 1 O from experimental measur «) calculated 


(1) AgNO, 2,5 k 10-9M, KNO, %,1 M and of Ethyl alcohol 
(11) AgNO, 2x 10-9M, KNO, 0,05 M and of Ethy! alcohol 
(Ill) AgNO, 10-*M, K NO, 0,1 M and of Ethyl alcohol 


The system silver-dipyridy] was chosen as a reference system. The con- 
stants of the silver-dipyridyl chelates were determined with e.m.f. mea- 
surements in a cell of the type: 


igNO, — 2 . 50 alcohol 
KNO, : , : satured with 
dipy. varying conc KNOs,. 


Alcohol e « 0) 


Table I shows the values obtained for the stability constants. In fig, 


1 some experimental curves obtained at 25° are compared with the corre- 
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sponding curves calculated using the constants reproduced in Table I. It 


s seen from this comparison that the agreement is satisfactory. Fig. 2 


igi 


} ; lg Ky 

a lg Kz 
1/T-10° | 

31 32 33 3,4 3,5 36 


remperature dependance of the stability constants for silver-dipyridy! chelates 


shows the temperature dependance of the stability constants. A summary 
of the values of the thermodynamic functions is given in Table II. 


raBLe | 


sitver-dipyridyl chelates 50% by volume ethyl alcohol 


chelates in 50% volume ethyl 


\ He cal/mok 
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lo find out the stability constants of a 
Cd*~*) the e.m.f. of cells of the following 


After measuring the p( Ag) of the half-c« 
by thermal decomposition of silver oxalat 


OORD. COMPOUNDS 


nother metallic ion M*? (e.g. 


' pe were measured: 


(1) with an electrode obtained 


on platinum wire (which gives 


measurements reproducible within 0,1 mv.) the concentration (A) of free 


dipyridyl is determined by: 


(1) k, k, (Ag) (AY + k, (Ag) (A) 


and n,,, the average number of dipyridy! 


ion, by: 


where k,, k, k, are known formation consta 
(AgA,)* and (Ag) represent the concentrat 

If it is possible, as in the present case, 
the metallic ions and the quantity of ligand 


one can write: 


where ¢,, ¢,, and c,, are the known stoichi 


ridyl, of silver ion and of cadmium ion r 


Measurements taken in solutions having 


dipyridy! in the half-cell (1) of cell (11), allow 


/(pA), from which one can obtain th 


of constants for the cadmium-dipyridyl che 


corrected usIng t he convergence equations 


Ve rho¢ k. 


(Ag)] 


molecules bound by the silver 


its for the chelates (AgA)*, 
on of free Ag™ in solution. 
to neglect the hydrolysis of 


bound to the hydrogen ion, 


etric concentrations of dipy- 
ectively. 
variable concentration of 
draw the formation curve, 
ilues of first approximation 
tes. These values are then 
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In table III we have listed the values obtained with the above tech- 


nique and also the values obtained by 


lifferent experimental methods, 1. 


e. by measurements of e.m.f. of a concentration cell of the type: 


f IW NOg) — C, C3 


h NO, : Cs satured 
(IIl) Cdilig) 


Dipy varying conc KANO, 


| ee Cs 


and by the pH metric technique using : 


satured calomel electrode (this only 
for aqueous solution). 

Fig. 3 shows the comparison of 
the experimental curve obtained using 
concentration cells with cadmium 
amalgam electrodes, with a_ theore- 


tical 


through the 


. 
| 
| 


curve calculated 


Comparison of experimental curve for the 


system cadmium-dipyridy! obtained by concen 
tration cell with cadmium amalgam electrodes 
with theoretical curve calculated from the stabi 
lity constants obtained by competition method 


(0) Experimental ) Calculated 


constants obtained by the competition 


having silver electrodes. 


aleoh« 


igXf 


Ca(NO,), 
KNO, 


(HajyCd 
Alcohol 


glass electrode connected with a 


mole % of alcohol 
20 30 


10 40 


4 Ethyl! alcohol influence on the sta- 
bility constants of the cadmium-dipyridy! 
chelates. (x ) values obtained by the com- 
petition method ) values obtained using 
cell 


gum electrodes (a) 


with cadmium-amal- 
obtained by 


oncentration 
values 


plimetric titration 


method for concentration cells 


The dependance of the cadmium-dipyridy! equilibrium constants from 


the composition of the solvent is given in Fig. 4. 
Fig. 5 shows temperature dependance of the cadmium-dipyridyl! equi- 


librium constants. 


The thermodynamic functions obtained for the cadmium-dipyridyl 


chelates are reported in table IV. 
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TABLE IV. 
Thermodynamic functions for the cadmium-dipyridyl chelates in 50 % by volume 


ethyl alcohol at 25 


Reaction considered AFe° cal/mole — AH? cal/mole 


Satisfactory results were also obtained for the copper-dipyridyl] chela- 
tes. These results will reported in another paper concerning the chelates 
of dipyridyl with all metals of the first transition series. 


(gX 
10 


+ 


4 


y 
(gh, 


9%, 


1/7 x10? 


3,4 35 


4 


From this report it appears that the method is sufficiently accurate 
as to be extended also to other systems different from the one treated 
here. 
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IS ¢ SSITONS 


Sillén (Stockholm) rhe competition method for st ng complexes is verv useful 
and in the case studied by the present authors seen t have given good results. However. 
is not very new. Cd*+-SO,-— complexes were studied | Ido Leden (Acta Chem. S« ‘ 
(1952)) using B+ as a competitor, and even then he d not call the method new 1P+-} 
complexes with Fe B is competitor were studied by Cyrill Brosse in Stockholm (Thesis 1942: 
Svensk Kem. Tidsk 54, 155, 185 (1942) 55, 335 (1943): tI method has recent], 
a number of American Chemists studying F complex 


been used by 


\s pointed out by the present authors, H+ as competitor has been used by J. Bjerrum and 
others; ligand competition has has also been repeatedly ed. The authors quoted derived rdther 
general equation, for a system with a series of complex however, it may be easy for a nor 


Scandinavian to overlook Scandinavian papers 


Bjerrum ( Copenhage n) I agree Sillén that vour ethod is not a new one, but I give my 
compliments to your fine results. The formation constants for the dipyridy! complexes have 
great theoretical interest, but the values existing i: terature are rather inaccurate partly 
because a, «'-dipyridv! is so weak a base that the pH thod does not give very trustworthy 
results 


Scrocco In reply to the observations, we wish t int out that in the original paper, 
we sent recently for pubblication on the « Annali di Cl 1», several examples are quoted of 
competitive methods used by other Authors. The ental techniques employed by these 
Authors were different from our. Unfortunatly we missed, however, the work of Leden (« On 
the complexity of Cadmium and Silver Sulphat« ta Chemica Scandinavica, 6 971-987, 
(1952), in which a method essentially similar to our is used: Silver electrode as an indirect in 
dicator of the concentration of the free ligand for the investigation of cadmium-sulphate system 
In this respect it appears quite fair the observation of Professor Sillén concerning the unproper 
use of the adjective «new » in the title of our communication 

We wish, therefore, to thank Professor Sillén for ca g our attention on the work of Leden 


The stability constants, solubilities 


and solubility products of complexes of 


copper with dialkyldithiocarbamic acids 


MATTHIJS J. JANSSEN 


Orgenisch Chemisch Instituut T.N.O., Utrecht Holland 


Summary: A brief description is given of the methods used in the measurements of 
stability constants, solubilities and solubility products of some copper dialkyldithiocar- 
bamates and the results are mentioned. 


The complexing properties of dithiocarbamic acids have been known 
for fifty years [1]. No quantitative studies, however, have been reported 
on the stability constants of these complexes. 

In this communication some measurements on the stability constants 
and solubility of copper dialkyldithiocarbamates are described. 

Dithiocarbamic acid and N-substituted derivatives are unstable to- 
wards acids and the metal complexes have very low solubility in water. 
These obstacles have been overcome by the following procedure: 

1) Spectrophotometrical determination of the stability constants 
in alkaline media by a competition method in which a second chelating 
agent with suitable properties was used [2]. 

2) Measurements were carried out in three ethanol/water mixtu- 
res and the results were extrapolated to water [3]. 


In the competition method mentioned 8-hydroxyquinoline and 8- 
hydroxyquinoline-5-sulphonic acid were used as the competitive agents 
since the stability constants of the copper complexes of these compounds 
are comparable to those of sodium dialkyldithiocarbamate and could be 
determined spectrophotometrically with sufficient accuracy [4]. 

A disadvantage, however, is the formation of mixed complexes 
CuOxDDC (in which DDC stands for the dithiocarbamate anion and Ox 
for the competing ligand oxine or oxine sulphonic acid) which complicates 
the spectra in the competition experiments. Polydentate agents as EDTA 
do not show this behaviour but are undesirable for other reasons. 
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The important equilibrium constants are the following: 


[CuDDC] 


K, 
[Cu] [DDC] 


KK, 


[Cu.0x.DDCP 
[CuDDC,] [CuOz,] 


[CuDDCF 
[Cu] [CuDDC,} 


K |CuDDC,] 
Xo 
; [CuDDC]| [DDC] 


[CuOx2,] 
[Cu] [Ox 


[CuDDC,} (Ox? 
[CuOzx,] |DDCF 


K, = K.K. (= K,/K; 


The constant A, in combination with the result of the competition 


experiments allows the calculation of the successive stability constants. 

K,, gives the formation of the mixed complex from CuDDC, and Cu- 
Ox, and has been measured by the method of continuous variations. The 
procedure of Hagenmuller [5] was used for the evaluation of this constant. 
With K,, known we could proceed as follows: from K,, the spectrum of the 


mixed complex is calculated and the spectra of the competition experi- 


ments are analysed for each 
component. This method is 
very time-consuming, howe- 
ver, and it is not quite clear 
how an uncertainty in A,, 
affects the results. 

It was more convenient to 
construct theoretical curves 
of the optical density against 
the fraction of Cu complexed 
to DDC as is shown in fig. 1. 

The straight line (which 
represents the behaviour of 
the optical density when no 
mixed complex is formed) is 
corrected with the aid of the 
continuous variation curves 
determined earlier by simply 
adding the deviations found 
there. The resulting curve is 
compared with optical densi- 


4 


0.5 ) 
FRACTION OF Cu BOUND TO NaDDC 
Fic. 1. — The optical density as a function of the fraction 
of copper bound to DDC for a concentration of 10—5 


M Cu in 5 cm cuvettes. Left 10-5 M CuOz,. 
Right 10-5 M CuDDC, + 2 x 10-5 M Ox. 
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ties measured in the competition experiments (after a correction is made 
when an excess oxine is present). From the fraction of copper bound to 
DDC, thus derived, the true concentrations of CuOx, and CuDDC, can be 
calculated with the aid of A,, |2). It can easily be shown that a large error 
n log A,, (about 0.4 log unit) has only a small influence on log K, (about 
0.1 log unit). A, and thence A, are calculated and as the evaluation of 


K,, is quite straightforward, all constants of interest are known. Results 


in 68.4 weight percent of ethanol are shown in Table I. 
complezes im os yA 


TABLE I. Stabiliti I nts of copper dialkyldithiocarbamate 


if 
j 


ethanol. Log K 


dimethy 
_N-diethy! 
\-dipropy 
\N-dibuty 
cyclotetramethyle 


pentametti 


It is remarkable that there are appreciable differences when the 


alkyl substituents are altered, cyclotetramethylenedithiocarbamic acid 


having the smallest, dibutyldithiocarbamic acid the greatest value. 
fable II shows the results of A, and A, for other ethanol/water 


mixtures. 


TABLE II. — Stability constants of copper dialkyldithiocarbamates at 20°C and u 0.01, 


Weight percentage of alcohol 


Dithiocarbamate Constant 


N-dimethy! 
,N-dipropy! 
cyclotetrame thy lene 


}-carbDoxy ycl )~ pe nta- 


methvlene 


(a) Extrapolated values 


SOLUBILITY PRODUCTS OF COPPER WITH DI KYLDITHIOCARBAMIC ACIDS 
A study of the compound 3-carboxy-pentamethylenedithiocarba- 


mate, 
CH,-CH 
NaOOC-HC V-CS,Na 
SCH.-CH 


was also made since this compound gives water-soluble copper complexes 
whereas the carboxyl group obviously cannot interfere directly with its 
complexing properties. The beha- 
viour of this compound was of great 
use in the extrapolation. The extra- 
polated values for water are also in- 
dicated in Table II. The extrapola- 
tions themselves are shown in fig. 2. 

Nearly straight lines are ob- 
tained when the constants are 
plotted against the weight percen- 
tage of ethanol; when the ponts al 


68.4%, are somewhat displaced (for 
all dithiocarbamates equally) the 
graphs become wholly linear which 
facilitates the extrapolation and 
gives some trust to the values in 


water, especially since the carboxy- 


> ‘ » ne < \ 1 a oe ‘ 
pentamethylene compound shows 4a 684 B45 100 


that the straight line in this case WEIGH T % ETHANOL 
extends itself till pure water. 


Extrapolati 


For the measurements of the lipropyl-dithiocarb 


solubility of these complexes the net hytaithios 
. ‘ o-tetramethylenes 


relevant equilibria are: : xypentamet 


[CuDDCP 
[Cu] [CuDDC,} 


will 
[CuDDCF 
[Cul 


[Cu] [DDCP = ¢,.4 


in which c, is the concentration of CuDDC, in a saturated solution and = 
the solubility product of CuDDC,,. 
It is clear that the solubility c, can be evaluated when K, is known. 
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Sdlid CuDDC, was shaken with an aqueous solution of copper perchlora- 
te and the concentration of CuDDC was measured after filtration. The 
equilibrium was also approximated from the other side: NaDDC was 
added to a large excess of Cu (CIO,), and the precipitate was filtered af- 
ter some time. After 24 hours both methods gave the same result so that 
the equilibrium was reached. From the measured concentration of CuDDC 
and the stoichiometrical concentrations of copper perchlorate and NaDDC 


the copper concentration can be derived and c, is calculated since K, is 
known (Table II). With the aid of the extrapolated stability constants the 
solubility products can also be calculated. A summary of the results is 


given in Table III. 
TABLE III. — Solubility of copper dithiocarbamates (20°C). 


Dithiocarbamate 


N-Ndimethyl- 
N,N-diethyl- 


N,N-dipropy]- 


N-cyclotetramethylene 


-cyclopentamethylene- 


This method is of general use for the determination of solubilities 
of complexes of the ML, type since an analysis of the content of total M 
and total L in the filtered solutions already is sufficient as the concentra- 
tion of ML, can be neglected to a good approximaton. in most cases the 
constant A, can be measured without much trouble. (For rough estima- 
tions even an assumed value of 1 for log K, generally is quite a good guess). 
The results of the solubility measurements support the assumption made 
by Irving and Williams [6] that inner complexes in the sense of Werner 
have an intrinsic solubility as such and are not completely dissociated in 
solution. The same effect has also been found by Traedwell for Ag,s [7]. 
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DISCI 


Dyrssen (Stockholm) In think the exprolation f 14% ethanol to zero % with a straight 
line is rather dangerous. The constants in pure water may, however, be checked with the distri- 
bution method (cf. Dyrssen, Svensk Kem. Tidsks. 68 212 (1956). If the distribution constant 
(Aq) for the uncharged complex, Cu (DDC),, is too large for chloroform or carbon tetrachloride, 


an oxyvgen-containing solvent such as methyl isobuty! ketone (hexone) may be used. The distri 
bution curve will then give K, and K, (and ),). From the solubility of Cu (DDC), in the organi 
solvent and ), the solubility in pure water (2 % hex ) may be estimated 


Janssen In view of the very low solubility of the copper dithiocarbamates in water, I 
think it would be necessary to use a solvent witha rather high distribution coefficient in order 
to get concentrations which can be determined spectrophotometrically and this would mean the 
use of very high concentrations of copper ions in the water phase. So ' do not think this approach 
is useful in the case of these copper complexes. Of course, if we could work with radioactive com 
pounds it would be a very good method. As far as the extrapolation is concerned, we had no 
choice but I think the inclusion of the compound with COOH group gave some justification 
to the dependance at lower ethanol concentrations 


Schwarzenbach (Ziirich) — Can oxyquinoline really mpete with dithiocarbamate ? My fe« 
{ing was that the latter should form complexes of much higher stability 


Janssen — They do indeed in acid or neutral solut , but in rather strong alkaline media 
(about 0,01 N NaOH) the complexing properties ar mparable. Dithiocarbamic acids are ra- 
ther strong, so there is no competition with hydrog ms as with oxyquinolins 


Some complexes of azide ion with metal ions 


in solution 


GUIDO SAINI & GIORGIO OSTACOLI 


to Chimico dell’ versita di Torino Italia 


Summary: Spectrophotor Ti eusurements made in aqueous solutions containing 


ind N,~ ions, show the formation of the complex ion CuN, rhe stability con 


s complex ha een determined, and its value is 10? at ionic strength 
2.8 10* at ionic strength 0.10. The value of pk. extrapolated to zero ionk 
lies in the rar oO 2.9 and 0 remperature 
rophotometric titrations in mixtures of 2-ethoxy " mil water, seem to 


ie presence oO riche complexes, like those, whose s ‘ e been already prepar 


n the solid state by Straumanis and Cirulis 


Informations about some preliminary measurements hso ons o md N, 


Vell sof Ni ! Ny ions, ure Iso 


given 


[he study of metallic complex azides is of a remarkable interest, 
because useful comparisons can be made with the complexes of other li- 
gands, such as thiocyanate ion, isoelectronic with azide ion, or acetate 
ion, because the dissociation constant of the acid has about the same value 
as that of hydrazoic acid. 

Straumanis and Cirulis [1] succeeded to prepare in the solid state se- 
veral salts with the complex ions 


Cu (N,);, Cu (N,)3~, Cu (N,)$ 


in addition to the slightly soluble Cu (N;),, and to some non electrolyti 
compounds [2]. They reported that the above complex ions are readily 
decomposed in dilute water solution, with separation of Cu (N,)». 

Other complexes of azide ions were also studied by several authors, 
the mayority in the solid state [3] [4], and some others in solution [5] [6]. 

The present paper deals mainly with the complexes existing in solu- 
tions of cupric and azide ions. In the course of our work we have identi- 
fied the formation of CuN;, and we have determined its stability con- 
stant, to be compared with that of other metal azides now under investi- 
gation. 
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I. XPERIMENTAL. 
Reagents: 

Cupric perchlorate: prepared by dissolving basic copper carbonate in 
perchloric acid. Both products were reagent grade. The crystais obtained 
were purified through two successive crystallisations. 

Sodium azide: a B.D.H. product purified by crystallisation. The so- 
lutions (made weighing the salt) were standardized by the method of 
Feigl and Chargaff [7]. 

Sodium perchlorate : a solution was prepared neutralizing 1.0 M perch- 
loric acid with sodium hydroxyde. Th pimenititaniiiiiieen 
course of the neutralisation was followed 98) 
potentiometrically. 

The concentration, evaluated from 
the known volumes of the reagents em- 
ployed, was determined by evaporating 
to dryness (150°C) and weighing a known 
volume of solution in a platinum dish. 


2-elthoxyethanol: material from Ea- 
stman Kodak: the fraction boiling bet- 


ween 133 and 135°C was employed. 
,; “, , ee: F 
Apparatus: throughout this investi- py, Spectrophotometric titration of 
gation a Beckman Di sper trophotomete T Cu (ClOg), with NaN, in mixtures of 2- 
thoxyethanol and water (80 vol. etho 
was used, with a cell thickness of 1,000 xyethanol). Abscissa: C y,/C cy; ordina- 
te: optical density. C cy ix10—4 M 


cm. The pH was measured with a glass 
} 160 mu: €rF 20 mu 


electrode. 
rhe values on the ordinate should be 

The measurements were made at 20° read as 0.2, 0.4 et 

1° C, 

We made a series of spectrophotometric titrations with solutions ha- 
ving a fixed concentration of Cu (Cl0,), and varying concentrations of 
NaN,. The solvent was a mixture of water and 2-ethoxyethanol (80 %, 
vol. of the latter), to allow the formation of the complex ions which in wa- 
ter are dissociated. By adding NaN, to a solution of copper perchlorate 
in this solvent the liquid acquires at first a yellow-green colour which 
becomes maroon by further addition of the reagent. The Fig. 1 gives the 
diagram of the spectrophotometric titration at the wavelengths 390 and 
160 mu. The light absorption by cupric perchlorate or by sodium azide 
in the present conditions was negligible. The experimental points seem 
to lie on a broken line, with discontinuities at Cy /C,, ratios of 1: 1; 
.25:1 and 4:1. The discontinuities are not sharp, but definitely evident. 

The breaks at 2.5: 1 and 4:1 ratios seem to indicate the formation 


of Cu, (N,)7 and Cu(N,){~ ions, previously identified by Straumanis 
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ind Cirulis. There is a further, very weak, inflection at higher ratios, which 


ou 


tinuity at 1:1 ratio we were led to suppose 


ght to be attributed to the formation of a 6 


: 1 complex. From the discon- 
the formation of the CuN? 


complex, not yet described in the literature. 


We have tried to confirm the existence 


solution. To this pourpose we used 
the method of continuous variations. 
ig. 2. For the 


= 


Che plot is given in the { 
conditions employed here, no preci- 
pitation of Cu (N;), occurred. The 
of the 1:1 
clearly shown. 

We can assume for this complex 


formation complex is 


the most simple formula CuN;, con- 
sidering rather unlikely the formation 
ol 
very dilute solutions. 


polynuclear complexes in_ these 
The value of the stability con- 
stant was determined by the following 
method: 
if Cy, 
stoichiometric 


and C, 


’ 


concentrations of 


are respectively 
the 
cupric and azide ion, and if in square 
the 


1OnICc 


brackets we indicate concentra- 


tions of the free species, we 


have: 
[Cu**] +[CuN zy] 
[NT] +1HN,] + [ug] 


if no formation of other complexes, 


of this complex in aqueous 


02 04 O6 O08 10 


ae Method « 


queous solutions 


of variations 
Cy) 


0.002; 


continuous in 
Abscissa: CN, (Cou + 
CnN,) 
375 mu; ionic strength 


ordinate: optical density. (Coy + 
pH 
The 


by 


5.0: 2 = 0.100. 
line was calculated by means of eq. (8), 
issuming k compl 2.76 x 10* and & 
1.66 x 10° cm—!}, 

The values on the abscissa should be read 
is 0.2, 0.4, 0.6, etc; the values on the ordinate 
is 0.02, 0.06, 0.10, ete. 


but CuNf is assumed. 


The stability constant of the complex as a function of concentra- 


tion is given by: 


‘ comp! 


C 


[CuN f] 
u’*) [Ng] 


From the dissociation constant of hydrazoic acid one obtains: 


[Ny] 


[Ns] + [NA] 


[H*] 
t 
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where k, is the dissociation constant of hydrazoic acid. We can also write, 
from equations (4) and (3): 


_ [CuN 3] 
[H*] ~ [Cu?*] ([N>] + [HN,)) 
k 


a 


(5) 
] 


It is easy to see that the left hand side term is constant at constant 
pH and ionic strength (and temperature). We will call this term k’. If 
experimental conditions are chosen in such a way that the only species 


light absorbing is the complex ion, one can write: 
(6) [CuN J] D's 
where D is the optical density of the solution (1 cm thickness) and 6 the 
molar extinction coefficient. 
By introducing eq. (6) in (2), (5), one obtains: 
D's 
(Co, — D/8) (C; D/8) 


Neglecting the term (D/8)* in the denominator, eq. (7) can be rear- 
ranged in the form: 


(3) 


The plot of Cy, + Cy/D against 
(Co, + Cy) gives a straight line with 


u“ 


slope 1/8 and intercept 1/K 8. 

The optimum conditions lie in 
the range of 4.5, and 5.5 pH units. 
At lower pH values the complex ion 
is largely dissociated, owing to the 
formation of HN,, whereas at higher 
pH values the formation of hydroxy 
complexes such as CuOH~ becomes 
appreciable [8]. 

A series of solutions, at constant 


pH and ionic strength, was prepa- 


red, in which Cy was held constant 8 10 
(0.0003) and C,, varied between 0.001 _s | il line 
and 0.006 (i. e. Cp, > Cy., in order to 10%, lonic strength = 0,100; 
avoid any possible formation of com- WS ams Cy, = 3X OM 


ver curve: pil 


plexes higher than 1 : 1). At these low curve: pil 
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concentrations assumption (6) is verified, and eq. (8) holds well. The plots 
at ionic strengths 0.100 and 0.200 and A 375 Mu 


obtained respectively 
We omit the plots at ionic strength 0.050, 


are given in the fig. 3 and 4. 
it 2 100 mu. 


DISCUSSION. 


The data of the measurements are given in the Table I. The values of 


or either wavelengths agree well. In order to obtain £,,,,,, from k we 


|H 

k, 
given in the literature we have chosen that given by Yui [9] (1.95 10~°), 
using the Debye-Hiickel formula. The 


i 


must calculate the |1 } coefficient. From the various values of k, 


which was properly corrected by 
hydrogen ion concentration was calculated from pH by calculating the 


activity coefficient of hydrogen ion by means of the Debye-Hiickel for- 


mula: 


log | 


and assuming a )) 10~* em. A similar procedure and the above va- 


lue for a was been used recently by Wenger and coworkers [10]. 
TABLE LI. 


h comp! 


12 
es 
iveruge vulues « iverauge vulues ¢ 
ionic strength 
0.050 
m. 100 


oJ 


(*) The ionic strength was held constant by adding Val, 
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Although the method cannot be accepted without reserve, its use 
seem to be justified in the present case, on account of the approximation 


(1 


involved in the k. value. The values of /,«. of {1 


) and of k, 


‘ ompl 
\ 
‘ 


are collected in the Table I. The agreement in the values of k,,,,.... at the 


same ionic strength and different pH values and wavelengths is satisfactory. 
The pk 


values, extrapolated 


~ompl 


to zero ionic strenght by means of | 
the Debye-Hiickel expression, are: 


from ionic strength 
0.050 


0.100 


0.200 


The differences in the value of 
logarithm are within 0.1 units, which 


is a reasonnable limit. We can add ——Y 
that the line of the fig. 4 was calcul- 10 
ated by means of eq.[8], assumingfor fF ssa: | Cy 10 ; ordi 


} Ionic strength 
*‘ comp! 


and 8 values identical, within o—6 we 
the experimental approximation, with 

those of Table I. The agreement bet- 

ween experimental points and the line is satisfactory. 

Preliminary results obtained with solutions containing N,“~* and N 
lions, as well as Co*~* and Nj ions, show the formation of 1 : 1 complexes 
in both cases. The stability of these complexes is however much smaller 
than for CuN f ; preliminary measurements give for k,,,,., values of the 
order of 10°. This seems to confirm the substantial validity of the Irving- 
Williams rule [11] also in the case of NZ ligand. Beside, we have remarked 
that solutions containing Co** and an excess of NZ ions, in mixed solvents 
acquire a blue colour, remembering that of the thiocyanate complexes. 

The authors wish to express their thanks to Prof. A. G. Nasini, for 


helpful suggestions and valuable discussion 
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DISCUSSIONS 
Sillén (Slockholm) The existence of the complex CuN,+ seems to be well proved. Does the 
author, however, have any other evidence for the complexes Cu(N,),, Cu(N3),*— and Cu(N;),* 
the break in the spectrophotometric titration curve ? If not, is the curve founded on more 
experimental points than those shown in the diagram ? 
Saini Compound 
prepared in the 
reference in the 


s containing the anions Cu,(N;)s 
solid state by 

paper The 
il if other comple x 


~, Cu(Nj)s—, Cul N3)," 
irulis, as well as the 
spectrophotometric titration was made i 
h as CuN,?+ were present in solution 
jueous solution has proved the existence of this complex, 
our communication 


te 


and Cut N;).‘ - 
Straumanis and ¢ slightly soluble Cu(N,) 


oO! suc 


s/2 
a preliminary wavy to 
The following study 
nain object of 
Work 
to 


now define the existence in solution of the other complexes 
appear fron 


| . which 
of the spectr 


photometric titration data 


The formation constants and standard entro- 


pies of the complex ions HgBr., HgBr.~ 


in aqueous solution 


H. J. V. TYRRELL anv D. B. SCAIFE 


The University of Sheflield i ngland 


Summary: The formation constants of the ions HgBr HgBr, have been measured, 


in a medtum / 0.5, and with acidity 0.01, at 2 »” by a novel method in which 
bromine is allowed to compete with mercuric bromick r bromide ions. At 25° the results 
were supplemented by some measurements of the absorption spectra of the solutions. The 
following values were obtained log K, 2.36 13 (25°) 2.04 (35°); log K,K, 

3.77 (5°), 3.49 (25 30 (35°). Fron these and from ileulated value of the standard 


entropy of mercuric bromide in solution, standard ent es of HgBr, nd HgBr, 


have been calculated 


It is well known that the solubility of the sparingly soluble mercuric 
halides in water is greatly enhanced by the presence of excess halide ions. 
Many quantitative studies of the phenomenon have been reported; two 
of these have used methods entirely acceptable by modern standards. 
The first is that of Sillén and his collaborators [1] who obtained their 
results from a set of potentiometric titrations at 25°C, and the second, 
which has only just been published, that of Marcus [2] who used a distri- 
bution method, also at 25°C. It was clear from Sillén ‘s work, and from 
earlier results, that the neutral complex is by far the most stable one and 
that it can be regarded as the central group of the complex ions formed 
from it without serious error. In addition no evidence was found for the 
existence of polynuclear complexes or for the presence of anionic comple- 
xes other than HgX,~, or HgX,~~. It is always of interest to study complex 
equilibria by as many methods as possible and obtain values of the for- 
mation constants over a range of temperatures. We have, in this work, 
conducted a careful study of the formation of HqgBr,~, and of HgBr,>-~ at 
5°, 25°, and 35°C. At 25°C two methods were used, namely, 

(1) a study of the ultra-violet absorption spectra of the solutions. 
Chis was applicable only at very low free bromide concentrations. 

(ii) method in which mercuric bromide and bromine were allowed 
to compete for bromide ions. The free and combined bromine can be mea- 
sured accurately, and, provided that the constants for the bromine-bro- 
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mide ion system are known with sufficient precision, the free bromide ion 
concentration can be found. 

\t 5° and at 35° C only the second method was used. All experiments 
were carried out at a total ionic strength of 0.5 and at a constant acid 
concentration (0.01 M. in perchloric acid). These were the conditions 
used by Sillén ef al. and by Marcus, except that, in the bromine indicator 
method where weight titrations were used, a molal concentration scale 
was employed. There was nothing novel about the spectroscopic experi- 
ments. To minimise instrumental errors as far as possible the Fronaeus [3] 
method of preparing solutions with the same total absorption was used; 
the calculations were identical with those described by Ahriand [4]. 

In the bromine indicator method bromine was allowed to distribute 
through the vapour phase [5], between a solution containing bromide ions, 
and one, of the same ionic strength and acidity, which did not. After equi- 
librium had been attained the concentration in the bromide-free side 
was equal to the free bromine concentration in the solution containing 
bromide ions where the following equilibria could occur: 


Br, + Br~ = k, =|Br,~|/[Br,] - [Bro] 
2 Br, + Br- = , k, =|Br,~|/[Br.? - [Br 


It is necessary to make a small correction for the bromine hydrolysis 
in the bromide-free solution. The total bromine in the other solution can 
also be found. The first task was to measure the formation constants for 
the above equilibria in the conditions used. This was done by omitting 
mercuric bromide from the bromide-rich solution. The results obtained 
were excellent, thought it was found that the constants depended sligh- 
tly on the amount of bromine present (Table 1). 


TABLE 1 Formation constant k, for reaction Br, Br re Br. Units of k are 


kg. solvent mol~'l. All concentrations are molal 10°. 


_ 


— > Total Br Standard 
ky No. of 
remp Deviation 


Lowest Highest Lowest Highest (Mean) of Mean 


expts 


0.09 
(0.005) 
0.08 


0.07 


Because of this small variation in k,, in the extensive series of expe- 
riments on the mercuric bromide — bromide ion system it was necessary 
to use the value of k, appropriate to the range of concentration of bromine 
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used; although the difference was small there was a significant effect on 
the calculated values of n. 

It was first assumed that the only new equilibria involved when 
mercuric bromide was added to the bromine-bromide ion mixture were, 


[HgBr,~| 
|H@Br,| | Br 


HqBr, 
|HgBr,~||Br-| 


HgBr, + Br~ ~~ HgBr, 


HgRr,- + Br~ <> Hq@Bi K, 


If this were so, it can be shown [6] that n/(n-1) [Br~|should be a libear 
function of (2-n) [Br~]/(n-1). This proved to be the case, as can be seen from 


go 
x 


-008 -006 -004 -0,02 ; , ; 0,12 


-100 


=200 


-300 


-400 


Ficure 1. Preliminary calculation of formation constants 2°C. by graphical method of Rossott 
and Rossotti [6). 
(8) Fron experiments at high bromide ion concentrations 


figure 1, except for three points based on experiments in which the bro- 
mide ion concentration was at its highest. A set of temporary constants 
was calculated from the best straight line drawn through all experimental 
points, other than these three. They were then used to calculate a forma- 
tion curve for the system which could be compared with the experimente! 
pairs of (n, p [Br~,]) values. Figure (2), shows that the calculated formation 
curve, derived however from a more refined set of constants, coincided 
well with the experimental points except when p [Br~,] < 1.2. The points 
which deviated seriously from the straight line of Figure 1 were in this 
region; all such points lay below the calculated formation curve. In addi- 


356 H. J. V. TYRRELL, D. B. SCAIFE 


tion, changes in both bromine and mercuric bromide concentrations had 
a marked effect upon the results when p |Br~,| < 1.2, while at lower free 
bromide concentrations, the effect, if any, of such changes was no greater 
than the experimental error in the determinations. This behaviour was 
consistent with the presence of one or both of the following equilibria: 


HqBr, Br, —” (HqBr, + Bry.) 
HqBr, - Br, =” (HgBr,- Bry 
(HgBr, + Br.)y-, (HgBr, + Brz) being 


the species envisaged as donor-acceptor complexes similar to the well- 
known ions Br,~, Br;~~. A quantitative study showed that it is necessary 


ie 


Calculated from results of Sillen et al 


ne 
» High bromine, high C,, 
¢ Low bromine 

@ Low bromine, high C, 


a Spectroscopic Measurements 


J 


10 , , 2.5 p/8r,.] 


FiGuRE 2 FORMATION CURVE AT 25°C, for mercuric bromide-bromide ion system. The curve calculated 


from the constants of Sillen ef. al. (1) is also shown 


to assume that only one of these equilibria is present: The most likely 
assumption [7] is that the second is present to the exclusion of the first. On 
this basis, the formation constant at 25°C, ™ V/a op , can be cal- 
culated to be about 3 kg.mol—*. When p [Br~,] > 1.2, these equilibria can 
be peglected, and the formation curve coincides closely with that derived 
from Sillén’s constants for a short distance and then drops below it. The 
spectroscopic measurements fall closely on the lower end of the formation 
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curve derived from the results of the bromine indicator method, and pro- 
vide ad independent confirmation of the constants used in itsconstruction. 
The same phenomena were encountered in solutions containing a large 
excess of bromide at the other working temperatures but they were not 
studied so closely. All experimental points in this concentration region 
were omitted in the calculation of formation constants. The results are 
shown in Table 2. 


TABLE 2. Formation constants for HgBr,~, HgBr,-~— « K, 


' HoB 
K, = HoBr,~) (Br~} * 


Bromine indicator 
Bromine indicator 
Potentiometric (1) 
Distribution (2) 

Bromine indicator 


Nott The constants derived from the bromins licator method are expressed in terms of 


mol. per kg. solvent; those derived from other measurements in gm. mol. per litre solution 


The measurements at 25°C obtained by the three different methods 
differ somewhat, the most significant discrepancy being the difference in the 
log K, value (1.75) found by Marcus, and those found by Sillén (1.26), 
and in the present work (1.36). 

Calculation of the apparent entropy changes in the formation of 
HgBr,;~, and HyBr;-~ from HgBr, from the constants obtained here give 

oe. u., and —4 to —5 e. u. respectively. It is possible to calculate the 

activity coefficient corrections approximately, and to estimate AS, the stan- 
dard entropy change, [7] in each reaction. The values obtained were -5, 
and -6 to -7 e. u., respectively for the addition of one and two bromide ions 
to neutral mercuric bromide. The standard entropy of mercuric bromide 
in solution can be calculated from its solubility [8], heat of solution [9], 
and Latimer’s value of the entropy of solid mercuric bromide [10]. Using 
this value of the standard entropy and the above entropy changes, the stan- 
dard molar entropies of the complex ions HgBr,~ and HgBr,-~ can be ob- 
tained (Table 3). 


TABLE 3. — Standard entropies of mercuric bromide complexes (e. u.) 


Species H@Br, HgBr, HgBr,— 


Experimental entropy 


Calculated by Cobble’s method[11] 


H. J. V. TYRRELL AND D. B. SCAIFE 


The experimental value for the entropy of mercuric bromide is more 
reasonable than that calculated by Cobble’s method [11], which is also 
shown in the Table, since it predicts a value of +8 e. u. for the entropy 


change in the reaction, 
Hg**. aq. + 2 Br-. aq. —+ HgBry,. a. q. 


instead of -3 e. u. A surprising feature is the high value for the entropy of 
HgBr, compared with that for HgBr,~, since it would be expected to 
be considerably lower. It is unlikely that the observed entropy change 
for the reaction HgBr, + 2Br + HgBr;-~ can be 30 e. u. or more in 
error, and it is scarcely possible to resolve this difficulty on this basis 
alone. If however it is assumed that the tribromide ion has a water mo- 
lecule coordinated in the inner coordination sphere, and that the formation 
reaction should be written as, 


Br, 
H,0| 


-> Hq 


HgBr, + Br + H,O 


< 


the observed entropy change leads to the conclusion that the entropy 
of the aquo-bromo complex is + 72 e. u. This value is still less than that 
recorded for HgBr, but it would now require only a relatively small re- 
vision of the observed AS for the formation of the latter ion, for the expec- 
ted order of entropy values to be observed. An interpretation of this kind 
implies that the metal atom in the mercuric bromide molecule, which, ac- 
cording to Raman effect measurements is linear, changes from linear (sp) 
bending to tetrahedral (sp*) bonding in one step as the tribromide ion is 
formed. This suggestion that HgBr,~ is tetrahedral with a water molecule 
on one of the coordination sites was put forward by Rolfe, Sheppard, and 
Woodward [12] on the basis of their Raman effect studies. 
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DISCUSSIONS 


Sillén (Stockholm) — The deviations in the log K :s at 25°C (K, 2.1, K, 1.26 in our emf 
work, A, 2.13, K, 1.36 in the present work) are of the order of magnitude that often occur 
even when one tries to be rather accurate, using different methods. In the Br system the emf 
methods were less accurate than for Ci— and J—. When Y. Marcus recently (Acta Chem. Scand. 
II (1957) 599) studied the same systems by a distribution method, he found good agreement 
with the old emf data for Cl-—- and /-, but deviations for Br—. His values ( K, 2.27, K, 1.75) however 
deviate from both the other sets. As indicated in a note to Marcus’ paper, there may be still 
unexplained differences between different Br— preparations, even if one has tried to purify them 
carefully. 

The system HgBr,-Br—, with only two equilibrium constants, would seem well suited for 
application of a direct curve-fitting curve-fitting of the n (log Br--) diagram. (See, e. s. L. G. Sil- 
lén, Acta Chem. Scand. 10, 1956), Have you tried this technique ? 


Tyrrel We have not tried the curve-fitting techniques on our results though it would 
be interesting to do so. There is however no doubt that our constants do differ slightly from 
yours as can be seen by comparison of the formation curves. The three methods of calculating 
formation constants from our data which we have used give substantially the same results 

I have not had the opportunity of studying Marcus’ results before this meeting; it is certainly 
surprising to compare the three sets. 

We are at present examining the formation of HgBr+ and HgBr, from Hg+~+ by method 
different from those used by Professor Sillén and Dr. Marcus, and the results should be of par 
ticular interest in view of these observed discrepansi 


Electrode system responding reversibly on cations 


of alealine earth and other metals 


GIORGIO ANDEREGG 


Laboratorium fiir anorg. Chemie ETH, Zirich 


Summary: A method is described which allows to determine the concentration of a 
metal M by a mercury electrode. M and Hg have to be present in solution as 1 : 1 complexes 
of a suitable ligand e. g. ethylenediamintetraacetate. This system has been used to deter- 


mine the stability constant of the complex MgC,0, 


There are only a few metals responding directly and reversibly in the 
form of electrodes to the concentrations of their cations according to the 
equation: 

: RT , 
(1) : Eo + —— In [M"*] 
Fn 


Silver, mercury and the amalgames of some metals can be used as 
electrodes yielding excellent reproducibility. In this work the use of such 
electrodes in the determination of the concentration of a second metal ion 
present in the solution is discussed for an equilibrium of the type: 


(1) M** ] =e ML” - +. Jr 


We admit that the ligand L’~ can only form the complex 1 : 1 with the 


cations M"* and M°*. The constant of equilibrium (1): 


[M’ *}) [ML®°~-”-] 


— K yi / Kuz 
{[M"*] [ML® } 


(2) 


is equal to the ratio of the stability constant of ML°~-"~ and ML®~—” 

respectively. The dipping of an electrode which is reversible with respect 
to M"* into the considered solution gives the potential E against a refe- 
rence electrode whose dependence from the concentration of M" * is given 
by (1). The concentration of the complexes of L’~ with the two cations 
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being constant, the concentration of M 
of M’*: 


? 


(0) 


lhe Nernst’s relation applied to this s\ 


RT 
Rn 


Eo In [M 

rhe electrode would then be reversible \ 
VM 
cation; whilst varying its concentration, ° 
and [ML* 
to make 


the 


~ If we want to keep the electrode rev 


| each constant. In order 
about the relat 


M First 


be practically completely bound in comple» 


bie 


some limitations 


and free concentration of 


(5) [L [ML* | 


and secondly the variation of M° * must not 
centration of the complexes of L 


; 


For this reason the stability 


the order of lo” at 


constan 
least. 
Furthermore by a variation of the conc 


with fort 


not be displaced from ML* 


second condition will be: 


(6) Ku. | Kz, 


10) 


For low concentration of M 


+ 


the concentration of M must be chosen s 


(11) M°* + L'- —* ML 


is completely displaced to the right. 
If: 

(7) [M° *|Kg, 2 10 

this last condition will also be respected. 
The concentration of M" 


+ 


EARTH 


ation of 


it can happen 
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ll be proportional to the one 


stem becomes 


RT 
In |M 


espect to the second cation 


vith respect to the second 
mantain: |ML* | 


fill this condition 


ive to 
we have 
stability of the complexes 
ill the ligand L’ 

M tae * 


must 


* and 


(ML 


id to anv change in the con- 


re complexes must be of 


itration of M°*, M 
VL 


* must 


Thus i 


VL* 


that the 


that dissociates 


equilibrium 


has naturally to be negligible. 


If we want to determine the concentration of a given cation M° * in 


a given solution, we only must add a little quantity of ML°~* 


and ML®~—" to the solution. 


GIORGIO ANDEREGG 


The same quantities are added to a solution containing a known con- 
centration of M° *. Among the different ions in the solution there should 
be an equilibrium according to (1). ML ~™ ~ gives to the solution a very 
little but well defined concentration of ions M"*, negligible with re- 
spect to ML® ~~ but proportional to M°*. It FE, and E are the po- 
tential against a given reference electrode of the known resp. unknown 


solution. we easily obtain: 


One must remember that for the use of this method it is necessary to 
avoid the presence of all ions which can alter the equilibrium (1). 

Among the electrodes mercury is the most interesting as far as appli- 
cations of this method are concerned. It forms very stable complexes and 
we can determine the concentration of many cations if condition (6) is re- 
spected. Mercury electrodes are reversible even if the concentration of 
free Hig” * is very small (107 * 10° *’). The equilibria are also reached 
rapidly. In order to avoid the formation of mixed and polyligand com- 
plexes it is necessary to saturate completely the coordination of the ca- 
tion with only one ligand molecule, and as the coordination number of the 
cations is often 6, we must consequently choose a hexadentate ligand. 

For that reason we have used the ethylenediamine tetraacetic ion: 


- 0OC CH, CH, COO 


00C CH, CH, COO 
Another advantage of this ligand is that it forms the complexes MY~ * 
with divalent ions at a very low pH. From pH 4 to 11 we generally have 
only the ion MY*~ in the solution. 

The stability constant of HgY~~ being approximately 10°, we can 
get a reversible electrode with respect to cation forming complexes with 
Y*~ whose stability constant is smaller than than 10": Cu* *, Ni’ *,Co? *, 
Zn*® +, Cd® +, Mn* +, Ca? +, Mg? * etc. [1]. 

As Y*~ forms different protonated complexes it is necessary to put 
for Ky, in relation (7) the apparent stability constant referring to the 
pH at which our measurements are made [2]. We shall now find the limits 
of concentration of the ion [Mg* *] that we must have at pH 8,5 to de- 
termine exactly the concentration of this ion. At this pH the apparent 
stability constant Ky,, is 10°”. Using relation (7) we find that the lo- 
west [Mg’*] which can be exactly determined is 10~ *”. The highest 
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concentration is obtained when we consider the fact that both cations 
have a tendency to hydrolyse. At this pH only the mercury ion can form 
soluble Hg(OH),|3], as follows from pour recent measurements. We have 
got: 


| Hg (OH),) 
[H1g* +] [OHF 


(10) 1967 


and working with a |HgY~*~] 1.10~° we always must have: 
| Hg(OH),| 10 
We obtain through relation (11), 10), (2): 


[Mg *| <= 10 
if |MqgY*~] 1.10 


Hence a Hqg-electrode at pH 8.50 can be reversible with respect to 
Mg ~ if the solution contains concentrations of the latter variable bet- 
ween 4.10~ * and 1.10~°, and if small but accurately determined quan- 
tities of MgY*~ and HqY*~ are added (°). 

The limits of concentration are such that a system of this type can be 
chosen to study the stability of weak complexes as acetates and oxalates. 
If we have a solution containing Mg* ~ between the given limits and we gra- 
dually add with a burette a known concentration of sodium oxalate, its 
free concentration diminishes slowly and can be measured with a Hg-el- 
lectrode. If |[Mg* *], is its initial concentration we have: 


(11) [Mg *|, = [Mg *] + [MgOx] + [MgO2x,-| 
where Ox oxalate ion; introducing the stability constants: 


[MgOx"~*| 
[Mg* *] [02° ~}" 


we get: 


(13) [Mg *], =[Mg* *] (1 + 2, [O2* ~] + x, [O2* -f +...) 


or: 


(14) [Mg* *], | |Mq@ *] + x, (O2*-] + 2, [O2* -f +... 


(*) Since the pH of the solution had been kept constant and sufficiently low the particle Hg YOH 3 — 
could be neglected [3). 


IORGIO {NDEREGG 


The term on the left is easily calculated by potential measurements. 
The ter: n the right was resolved by admitting as a first approxima- 
tion the existence of MgOx only. A straight line is obtained when plot- 
ting [Mg ~], || Mg ~] versus [O2°~] and its slope gives 2, We must 
not be astonished because of this linearity since z,/2, 10 and for a con- 
entration of oxalate ion approx. 1.10 the concentration MgO2* ~ is 


negligible. Our result for x, ¢ 10 *°°) is in agreement with those of other 
iuthors [4]. It confirms the usefulness of this method. The measurements 
ive been made at a temperature of 20,0. and an ionic strength » = 0.1 


naintained wit VaNO.,. 
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USSIONS 


Dyrssen lo olm) \ i like to a Professor Schwarzenbach if the method descri- 
d is essent he same as the one reported by Reilley last year in Lisbon. Furthermore I 
lifficulties arise due to the formation of complexes with mixed ligands. 


Anderegg Reilly had applied the Hg-electrode to study the stability constants of EDTA 
ex using the equilibrium (/). We had also studied this equilibrium and our results 
blished in Helv. Chim. Acta. But in Reilley’s work the possibility to determine the con- 

m of a second cation is not discussed. Since Y4— is a hexadentate ligand, the tendency 
“— to form complexes with a second ligand is very little. An exceptionis Hg Y2— that 
Hg Y¢ Ha Y Br . HgY \H3? HgYOH 4% 


Liquori (Jari) I nk that it is perhaps not quite correct that reversible electrodes 
r Cu ons are not available. Membrane electrodes are for instance very useful under this 
pect 
rhe type of indirect system described by Dr. Anderegg has the disadvantage that the ac 
lepends on the stability constants of the complexes and therefore may depend on the 
strenght 
In the case of membrane electrodes the potential depends on the ionic strenght only through 
ictivity of the ion under consideration 


Anderegg rhe use of a membrane electrode is only possible for pure solution for ex. Ca? 
md not in presence of other cations. 


Janssen (Utrecht Is the electrode Hg, Hg, MY, M, MA slow in attaining equilibrium 
when only the complexes MA and HgA are insoluble? 


Anderegg There is always slow attainement of equilibrium when an insoluble substance 

in the system. The great advantage of the indirecte electrode described in the paper of An 

leregg just lyes in there not being present an insoluble precipitate with which equilibrium has 
be reached 
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Summary: liate constants of hydrolysis of « in be determined rapidly 


oulometri« Since the rate of hydrolysis is 
equal to the rate of disappearance of hydroxil io: 


md precisely by means of automatic « 


Keeping the hydroxide concentra 


tion constant in solution by coulometric generat ic erate of generation 


of hydroxy! 
ions results equal to the rate of reaction 
\n automatic apparatus is described; the 


que have been evaluated 


Classical analytical procedures and various physical methods have 


heen emploied for the determination of rate constant of complex salts. 


Coulometry, being an extremely sensitive analytical technique may be 


also used for this purpose. Since in a kinet process a chemical species Is 


consumed in the time, it is possible to keep constant its concentration by 


means of electrolytic generation so that rate of disappearance of the 


chemical species is equal to the rate of its production. This principle has 


been applied by Farrington and Sawyer [1 


to the hydrolysis of aliphatic 
esters and to hydrogenation of olefins. 


Hydrolytic reactions of complex salts are in most cases related to va- 


riations of hydrogen ion concentration so that coulometry may also be 
used for the determination of rate constant of these processes. Coulometry 
has moreover the interesting feature that can be easily rendered automatic; 
purpose of this work was the development of an apparatus and of a sim- 
ple technique for the determination of rate constants of 


plexes. 


inorganic com- 


The base hydrolysis of a coordination compound as [Cr(NH,),Cl|** 
may be expressed by the reaction 


(1) [Cr(NH,),Cl]>* + OH > [Cr(NH,),OH]|** 


If the reaction takes place in a cell where hydroxyl ions may be ge- 
nerated with a current efficiency of 100 (OH,~) the rate law for this 
reaction, by placing ({Cr(NH,),Cl))** (Q), is 

d (Q) ' d(OH,) 


K (Q) (OH>~) 
dl dt 
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rhe rate of disappearance of hydroxy! ions is equal to the rate of di- 
Q so that if the hydroxide concentration is kept constant 


sappearanct ol 
by coulometric generation, then the rate of production of hydroxide (OH,~) 


is equal to the rate of disappearance of the complex. By expressing (OH,~) 
in electric units, the rate constant of the reaction is 


l 


(2) K 
F Q(OH~) 


where i is the current in amperes, / the faraday and Q the number of 


moles of complex. 
When the kinetic process is a first order reaction, it results indipen- 
dent of (OH~) so that equation (2) becomes 


kK 
FQ 


In order to obtain automatically the value of i, Le. the intensity of 
current, which will keep constant the OH ~ concentration, the experimen- 


tal arrangement shown in fig. 1 has been set up. 


, 


Fi 1 Experimental set up for coulometric determination of rate constants. 


In the cell A a double walls glass cylinder, water-jacketed and ther- 
mostated by flowing liquid through S, S’, two couples of electrodes are 
, generator cathode, is a platinum sheet (20 x 200 mm) and 


inserted: E, , 
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E> generator anode is a carbon rod; the cathodic and anodic compart- 
ment are separated by means of a fritted glass. A solution of potassium 
sulphate (0,1 M) is made to flow in the anodic compartment to prevent 
electrolysis products to accumulate. These electrodes are connected to a 
coulometer (C), which besides supplying constant current may erogate a 


current intensity proportional to the intensity of the indicator signal, s, 


di ds 
proportional to . This device is obtained by using the com- 

dt ( 
bination microammeter-photocell. The two electrodes E, and F,, which are 
respectively an hydrogen peroxide electrode, which behaves as an hydro- 
gen ion indicator and a refe- 
rence electrode (N calomel), 
are connected to a microam- 
meter. At the base of the 
needle indicator of this in- 
strument an opaque screen is 
fixed up; in the front of it is 
set a stabilized source of light 
and behind it a photocell. The 
details of this instrument are 
described elsewhere [2]. 

As soon as the pH of the L- 
solution changes, the needle... 5 — pimerens « non aipianditininiiteaiiaeiidiitids 
of the microammeter shifts, reaction fast reaction; c: very fast reaction 
the light hits the photocell 
and its emission operates by means of a relay the generating current. 
The mixing of the solution is obtained by bubbling nitrogen through 
the cell and by means of a magnetic stirrer (M). The intensity varia- 
tions are recorded by means of a pen-writing millivoltmeter. 

In the study of the kinetics of hydrolysis of complex salts the recor- 
ded diagrams may have the shapes shown in fig. 2. 

Curve a is the diagram of a rather slow process: the current increases 
slowly after the addition of the complex salt to the solution up to reach 
equilibrium conditions. Over a short period of reaction time the current 


intensity is constant since the complex concentration remains essentially 


unchanged. 

Curve b is the plot of a rather fast reaction: the complex concentra- 
tion decreases in the time and the rate constant can be calculated from 
the relationship |, i,e —X wn 

Curve c is the graph, which is obtained for instantaneous or very fast 
reactions; hydroxy! ions are consumed at a rate higher than coulometric 


generation. Rate constants cannot be calculated and the graph may be 
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used only to determine the quantity of electricity related to the electro- 
lytic process necessary to bring back the pil at the initial conditions, i.e. 


the stoichiometry of the kinetic process. 
Some of the experimental results are shown in Table 1. 


omplex 


f ammonium fluotitanate hydrolysis has been followed by 
replacing the potentiometric device with a photometric one and adding 
to the solution an acid base indicator (cresol red or phenol red). Hydro 
lysis takes place in two steps: a very fast reaction followed by a slow pro 
cess, the rate constant of which is reported in table |. The recorded curve 
results from combination of curve ¢ and 6 of fig. 2 

By considering the sensitivity of the indicator device (potentiome- 
tric, photometric end poirt) the lag of the electronic circuit and the re 
sponse ol the recorder, the experimental sel up, which has been descr 
bed, can be used to follow hydrolitic processes in the range k,,,, | se 
and k,, 10 

he main requirement for the application of this technique is to rea 


UV 7 for first order constants. 


lize experimental conditions in order to have a 100 current efliciency in 
the generation of the ion, which is consumed in the reaction. As a conse- 
quence two main limitations arise: a) the kinetic of hydrolysis of comp 
lex ions, which have a reduction potential close to hydrogen cannot be 
followed. 6) the rate constant of a process should be determined in presen 
ce of a fairly high concentration of salts. 

rhis technique has not to be confined however only to hydrolitic pro- 
cesses but may be extended to several other reactions providing the rea- 
gent consumed can be produced by electrolysis, its generation performed 


with a 100 current efliciency and an indicator for it easilv se 


. S. FARRING sand Il) . ournal cu (Chemical Society 
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Dist SSLONS 


Bjerrum (Copenhagen ) Your method } n principle not very w. but vou have ce veloped 
an automatic device, which seems to be very useful for studying kinetics j solution 
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Summary: Membrane electrodes have been used to investigate the activity suppressing 
action of polyphosphates towards Ca + + ions in aqueous solution. The method, which is 
fully described, has allowed to determine the activity coefficients of sodium counterions of 
low and high molecular weight polyphosphates and their calcium complexing ability. The 
interaction of polyphosphate anions with their awn sodium counterions and with added 


Ca* * ions has been interpreted as mainly due to strong Coulombic field acting in the neigh- 
bourhood of the highly charged anions. 


Increasing interest is being devoted to the electrochemistry of 
membranes [1, 2, 3] and to the use of membrane electrodes to deter- 
mine the activities of ions for which specific reversible electrodes are not 
available. 

The application of membrane electrodes to determine the complexing 
ability of several substances towards alkali and alkaline earth cations 
in aqueous solutions will be reported in this paper. The method is mainly 
based on measurements of membrane potential, i. e. the potential between 
two solutions containing the same cation separated by a polymeric mem- 
brane, which is selective only to cations. 

In formal electro-chemical terms, the membrane concentration potential 
may be expressed by the Nernst equation. For the case of a uni-univalent 
electrolyte 
(1) E ({_) —(t,) al In (a 4) 

(¢@_)+(t,) F (a .)s 
where (a ,), and (a ,), are the mean activities of the electrolyte in the 
two solutions, and /, and ¢_ are the transference number of cation and 
anion respectively across the pores of the membrane 


(¢, + t_ 1, by definition) 


+ 


In the limiting case, if an electronegative membrane is exclusively 
permeable to cations and strictly impermeable to anions, the transference 
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number of the cation, /,, is unity (f, 1.00 and f 0.00). Correspon- 
dingly, an electropositive membrane of ideal ionic selectivity is permea- 
ble exclusively to anions and impermeable to cations (f 1.00 and 
- 0.00). 

Highly permselective cation membranes, prepared in our laboratoty 


_* 
it 
1 EEE 
30 25 2.0 
-log.a 


Fic. 1. — Experimental check of the validity of the Nernst’s equation for 
NaCl and CaCl,. E.m.F. in mV versus logarithm of ionic activity. 


by incorporating a polyelectrolyte in a collodion matrix, have been used 
in this work. It has been found that Nernst’s formula reduces for a uni-uni- 
valent electrolyte for this type of membranes to 


RT (a ,), 
— ln 


2) E= — 
( f (a .)s 
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as is shown in fig. 1. Obviously, if only (a ,), is known, the measurement 
of E may lead to the determination of (a ,), with a good accuracy by 
direct application of (2). 

Using the above method to determine the activity of Na * and Ca** 
ions, the complexing ability of polyphosphates has been investigated. 
These condensed phosphates [4, 5] are made up of units consisting of a te- 
trahedral grouping of four oxygen atoms around a central phosphorous 
atom. They may be conveniently classified into two groups: the chain and 
the ring phosphates. Chain phosphates are called polyphosphates and con- 
sist of unbranched P-O-P chains, formed by the sharing of oxygen atoms 
between adjacent phosphorous atoms. Ring phsophates are included in 
the class of metaphosphates and consist of single rings of alternating pho- 
sphorous and oxygen atoms. 

Chain phosphates of high molecular weight which are rather stable 
in aqueous solutions, may be easily prepared. Once in solution, they show 
the typical behaviour of polyelectrolytes, and the colligative properties of 
their aqueous solutions have been investigated by many authors. But only 
recently some quantitative studies have been devoted to the investiga- 
tion of their cations’ activity/suppressing property towards alkali and al- 
kaline earth ions [6, 7, 8, 9]. 


EXPERIMENTAL. 
Materials : 

Sodium tripolyphosphate has been crystallized 2-3 times from a com- 
mercially available product from alcohol-water. 

Graham's salt has been prepared from NaH,PO,, which has been kept 
in a platinum crucible for 7 hours at 220° C and for 13 hours at 900°C in a 
furnace. 

Trimetaphosphate has been prepared according to L. T. Jones [10] 
and tetrameta phosphate according to E. Thilo [11]. The products obtained 
have been purified by repeated precipitation from alcohol-water mixtures. 

Sodium citrate and other reagents were all of analytical grade. 


Membranes : 


The membranes used through our work are the highly cation selective 
membranes, whose preparation is given in full details in the literature [12]. 
They consist of polystyrene-sulfonic acid incorporated in a collodion ma- 
trix, in sheets of about 0.1 mm thickness. 

Because of the high bulck-charge density and of the mean pore size, 
equilibrium between ions in solution in contact with the membrane and 
ions in the membrane is readily established and the ohmic resistance is 
low. In fact, potential readings are reasonably fast, and stable e.m. fs. are 
obtained provided that both solutions bathing the membrane are stirred. 
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Apparatus : 


A schematic drawing is reported in fig. 2. 
The membrane is tightened between two symmetrical glass half-cells. 
Purified nitrogen is bubbled during the measurements in order to have a 
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Fic, 2 Titration Apparatus. 


continuous stirring of the two solutions. The connection between the calo- 
mel electrodes and the half-cells is obtained through a 10 % KCl agar 
bridge with a tip of 1 mm @. A « PYE» precision potentiometer with a 
Multiflexr Lange Galvanometer of high sensitivity (4 x 10—* A/mm) has 
been used for all determinations. The potential readings were obtained 
with an accuracy of + 0.1 mV. 


PROCEDURE AND RESULTS, 
I. Determination of the activity coefficient of sodium salts. 


A solution of known concentration of the complexing agent as so- 
dium salt was placed into the right side half-cell (see fig. 2). The activity 
of Na * ions which results from the dissociation of the agent, was equilibra- 
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ted by adding stepwise NaCl of knowm concentration in the left side half- 
cell until zero potential was obtained. The amount of NaCl and the poten- 


tials were recorded. 
. , 
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Fic. 3. - Na + ions titration curves. Potential versus the logarithm of Na + ions activity. 
Sodium citrate (NaCif; 
Graham's salt (NaPP); 
Sodium tripolyphosphate (NaTP). 


Typical titration curves are reported in fig. 3, where the potential 
difference is plotted against the logarithm of the Na+ activity. As may be 
seen, straight lines are obtained in all cases, which indicates that Nernst’s 
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equation holds. The slopes of the curves (A E/Alga) have in fact been 
found to be 57.5 in agreement with the theoretical values of 58, which 
would be expected for an ideal membrane. Na citrate, Na tripolyphosphate 
(Na TPP), Giaham’s salt (NaPP), Na trimeta (Na3MP) and Na tetrame- 
taphosphate (Na4MP) have been examined. The activity coefficient for 
these salts has been calculated from the ratio between the Na™ ions acti- 
vity found at zero potential and the theoretical value of Na™* ions con- 


a 
ee | 
Na” 99} * “ 


- 


ater 


= 


2 
Cee . 


Na+ activity coefficient versus Na+ ions concentration of NaCit, NaTPP and NaPP. 


centration to be expected for a complete dissociation of the complexing 
agent. In fig. 4, the values of ‘Na* are plotted against the concentration 
of the complexing agent. 


Il. Determination of the activity supressing action of polyphosphates to- 


comes 


ward Ca ions. 


a) In order to determine the activity suppressing power of polyphos- 


* * ions, the Na * ions activity of the sodium polyphosphate 


phate toward Ca 
was first equilibrated by addition of NaCl to the half-cell containing no 
polyphosphate. Equal amounts of a CaCl, solution of known concentration 
were then added in both half-cells. After measuring the potential, more 
CaCl, was added and the potential again recorded. The measurements 
were repeated at various concentrations of polyphosphate. 

From the values of the potentials and of the known Ca* * ions activity 
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+ 


ions activity (a,,) in presence of the com- 


{(a,,), the unknown Cat 
plexing substance was calculated according to equation (1), where 


was found to be 24 to be compared with a maximum value of 29 (for? , = 1, 
0). From the values a,, and a,,, the difference c,, — c,. was 


obtained, which gave the absolute amount of Ca** ions sequestered. 


, 
Cegr'0 


a 


16 6 0 2 22nx 8 


Fic. 5. — Number of bound Ca+ + ions per mole of NaPP versus free Ca + + ions eoncentration. The 
plots correspond to four different concentrations of NaPP. 


Measurements were carried out for solutions of Graham's salt, tri- 
poly, trimeta, tetrametaphosphates for various concentrations of the anion. 
In each case, the number of bound calcium ions per mole of binding agent 
was calculated. The values thus obtained were plotted for each phosphate 
as a function of free calcium ions activity, i. e. the calcium ions activity as 
determined by applying Nernst’s equation. The plots are shown in figs. 5, 
6 and 7. 

b) An alternative procedure has also been followed to determine the 
calcium complexing ability of polyphosphates. Two solutions, one contai- 
ning a known amount of binding agent cand the other a standard CaCl, 
concentration, were placed into two half-atells (fig. 2), separated by the ca- 
tion selective membrane. After equilibrating the Naions activity of the 
binding agent as described above known volumes of standard CaCl, solu- 
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tion were added stepwise to the solution containing the agent, and the po- 
tentials were continuously recorded. Two typical curves obtained for 


Fic. 6. Number of bound 


Fic. 7 — Number of bound Ca + + ions per mole of sodium citrate versus free Ca + + ions concentration 


rhe plots are for two different molar concentrations of NaCit 


sodium citrate and sodium tetrametaphosphate are reported in figs. 8 
and 9, where e.m. f.’s are plotted against the logarithm of Ca++ con- 


centration. 
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DISCUSSION OF THE RESULTS. 


Interaction of polyphosphate anions with sodium counterions. 


In fig. 4, the activity coefficients of sodium counterions have been 
plotted as a function of sodium concentration for different polyphosphates. 
As can be seen from these plots, the changes with concentration of 
the activity coefficient of sodium counterions of high and low molecular 


og 4... 


Fie. 8 E.m.f. in mV versus logarithm of Ca + + activity for a titration curve of NeCit. The curve has 


been obtained by adding a CaCl, solution stepwise to a NaCit solution and recording the potentials. 


weight polyphosphates are strikingly different. In the case of low molecular 
weight polyphosphates, the activity coefficient first tends to decrease ra- 
pidly and then slowly with conceatration. However, for Graham's salt the 
activity coefficient changes very little with concentration, and within the 
range of concentration experimentally accessible remains very low and no 


tendency to increase towards higher values is observed. This abnormal be- 
haviour has been observed for other polyelectrolytes. In fact, sodium car- 
boxymethylcellulose, polyvinyl! alcohol sulfate, polyvinyl alcohol phospha- 
te and other polyelectrolytes under investigation in this laboratory all 
show the same characteristic behaviour; namely a low and almost invariant 


activity coefficient of their counterions. (°). 


*) Nacasawa and Kacawal[i}) claim to have actually observed that the activity coefficients of so 
dium counterions of several polyelectrolytes increase with concentration. This result has been found in 


our laboratory to be due to spurious effects and is to be considered erroneous. 
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Several theoretical approaches have been made in order to explain 
these peculiar effects [14, 15, 16, 17, 18]. [t has been generally recognized 
that ordinary concepts based on mass action law are not appropriate for 
this purpose. In fact, the high charge density, which is present onthe polya- 
nion as a result of the occurence of ionizable groups repeating with high 
frequency along the polyme- 


ric chain exerts a strong Cou- 
lombic field, which tends to 
produce clustering around or 
binding of the counterions by 
the polyanion. Anomalies for 
polyelectrolytes have also 
been found by studying po- 
tentiometric titrations of po- 


lymeric bases and acids [19] 


and by diffusion and tran- 
sference measurements [20]. 
Theoretical treatments have 
been dealing mainly with sta- 
tistical thermodynamics of 
this type of electrolyte solu- 
tion. In fact, the Debye-Hu- 
ckel type of approximation 
has been generally found to 
be unsatisfactory, since the 
polyions under consideration 
are far from being the pun- 
tiform low-charged ions to 
a which the above theory ap- 


. , plies. 
Fic. 9 E.m.f. in mV versus log. og Ca + + activity corre- . : 
sponding to a titration curve of Na tetrametapho- Solutions of the Boltz- 


sphate. The curve has been obtained by adding a man - Poisson equation for 
CaCl, solution stepwise to a Na4MP solution and re- 
cording the potentials polyelectrolyte molecules ha- 


ve been obtained more re- 
cently be vacious authors [14, 15] who have treated the polyion either as 
a sphere or as a rod with a continuous charge distribution. Detailed cal- 
culations carried out for the spherical model indicate that the extent of 
association between the polyions and their own counterions is particularly 
large when the charge density of the polyion is very high. Since this is the 
case for Graham's salt, the low value of the activity coefficient (~ 0.25) 
is perfectly consistent with the theory. 
The above qualitative considerations might also be extended to low 
molecular weight polyphosphates. In other words, it seems possible to 
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assume that also in this case electrostatic interactions between neighbou- 
ring charged groups on the anion tend to promote association of the small 


counterions. 


Interaction of polyphosphate anions with added Ca** ions. 


By plotting the number of bound Ce * * ions per mole of binding agent 
versus the concentration of free Ca** ions in solution (see figs. 5, 6, 7) it 
results that for each substance studied exists a saturation value of the 


Fic. 10. — Molar ratio between NaPP (using NaPO, as monomeric uni) and Ca + + sequestered versus the 
reciprocal of free Ca + + ions activity. The plots correspond to four different concentrations. of NaPP. 


molar ratio (Ca * * complexed per mole of sequestering agent). The limiting 
values of these ratios were calculated by plotting their reciprocals versus 
the reciprocals of free sodium ions activity. Thist types of plots are repor- 
ted in figs. 10, 11, 12, and as may be seen, they allow an accurate extra- 


l 
polation at | 0. 
a 4 


Ca + 

The titration curves obtained according to the procedure described in 
paragraph 5) of section II. has also allowed in some cases to determine an 
equivalence value of the calcium complexed. As may be seen in figs. 8 and 
9, the curves are S shaped and an inflection point may be observed. This 
type of procedure may in fact be considered analogous to a potentiometric 
titration of acids and bases. The glass membrane electrode, reversible to 
H * ions is replaced by the charged membrane, which in this case acts as an 
electrode reversible to Ca* * ions. From the derivatives of such curves, the 
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calcium ions at the equivalence point were calculated for all titrations 
performed, and the number of calcium ions complexed per mole of comple- 
xing agent was directly obtained. 


Fic. 11. — Molar ratio between NaCit and Ca + + sequestered versus the reciprocal of free Ca + + ions 


activity. The plots are for two different concentrations of NaCit. 


Fic. 12 Molar ratio bedween NaTPP and Ca? + 


sequestered versus the reciprocal of free Ca+ + 
ions concentration 


The values obtained for the compounds studied with the first method 
(paragraph (a) of section II.) are summarized in table I. In the second co- 
lumn, the ratios at saturation between Ca* * 


complexed per mole of poly- 
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TABLE 1. 


Ca** sequestered | Ca** sequestered 


Compound 
Mole of sequestering agent omzabdie groups 


— —EE | 
| 


Na Trimetaphosphate ( Na3MP) | 


Na Tetrametaphosphate (Na4MP) 


phosphate have also been reported. The values obtained by the two methods 
are in good agreement. Na citrate has been used in our experiments as 
a check. A comparison between these numbers is tempting, but its limiting 


meaning should be emphasied. Various empirical formulas have been sug- 
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gested for soluble complexes between polyphosphates and alkaline earth 
cations. The results of several investigations based on different methods 
are however very conflicting. From a general point of view, it is even open 
to criticism that a definite number of ions per mole of polyphosphate should 
be considered. In fact, this would imply essentially co-valent bonding in 
these complexes, while it is very reasonable to admit that electrostatic in- 
teractions between the highly charged anions and cations play the most 
important role in producing strong association. 

The results of the present investigation do provide strong evidence 
that in the case of ring polyphosphates a definite equivalence between 
Ca* * ions and their phosphate anions characterize the soluble complexes. 
In fact, both types of electrometric titration lead to the same Ca pho- 
phate ratio. Regarding linear polyphosphates, there is no evidence for a 
definite stoichiometry of the complexes. No inflection point is observed 
when the titration is performed adding Ca chloride to the half-cell contai- 
ning the complexing agent. When the titration is carried out according to 
the method described in paragraph a) in section II., i. e. equal amounts 
of Ca chloride are added in both halfcells, curves are obtained which 
show the tendency to reach a saturation point (see fig. 5), from which a 
value for the number of Ca** ion sequestered per mole of polyphosphate 
anion may be calculated. These results substantiate the view that two 
different mechanisms of ion complexing have to be considered when ring 
polyphosphates and chain polyphosphates respectively are studied. It is 
anyhow interesting to notice that the number of Ca ions bound per ioniza- 
ble groups are lower foring polyphosphates than for straight chain polypho- 
sphates. Furthermore, trimeta binds slightly more calcium ions per ioni- 


zable groups than tetrameta phosphate. 


In conclusion, the results of the present investigation seem to show 
that the method of investigation, based on measurements of membrane 
potential is a very promising one for this type of problems. It allows to in- 
vestigate complex formation in a range of low concentration and gives the 
possibility to determine ionic activities.in a most direct way. Furthermore, 
the technique is almost as simple as the one based on the use of a glass elec- 
trode and its potential utility as a standard electrometric method may be 
envisaged. The main drawbacks of this method are due to the fact that these 
types of membranes do not discriminate ions, such as calcium and sodium, 
and this requires a rather elaborate interpretation of the experimental data. 
The preparation and the use of charged membranes really specific for a sin- 
gle cationic species would promote a great progress in their application in 
the field of the chemistry of complex compounds. 
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DISCUSSIONS 


Sillén — (Stockholm) The membranes you use 
tions through, but no anions. Thev may certainly be 
you have treated, with solutions of only one cation and a 
ver, | suppose they could not be used, like the electrode 
bach 
Have you given any thought to preparing membrane ek 


are 
ver 


ion, and have you carried out any experiments in this dire 


Mele — The membranes we used are reversible 
versible electrode, including the type described by 
used to determine the 
avoid the interference of sodium ions in determining the ¢ 
we have first balanced the sodium ions activity at both sid 


was obtained 


We are now trying to prepare membranes which cou 


net to Na+ ions, but we do not have any conclusive re 
Dyrssen - (Slockholm) — 1 would like to ask Dr. Mel 
What are the negative groups ? What is the approximat« 
rimental slope of E versus In a, a,” | would also like to po 
research on semipermeable membranes for many years wit 
retical slope, RTF. He has, however, made membranes, wh 


specifi 


to determine the activity of an individual ion, at low « 


to cat 
Andere 
activity of an individual ion at low 


in the that they let ca- 

useful for problems such as the one 
trongly complex-forming anion. Howe- 
lescribed by Anderegg and Schwarzen- 
oncentration in an inert ionic medium. 
for an individual metal 


sense 


trodes specific 


ction ? 


and not to Like any re- 
gg and Schwarzenbach, they may be 
concentration. as we did. In order to 
+ + ions activity in our experiments, 
of the membrane until zero potential 


ions 


anions. 


be only to Ca++ ions and 


so tar. 


specifi 


me questions about the membranes. 
we width ? Does RT/F give the expe- 
t out that Kar! Sollner has carried out 
jut succeeding in obtaining the theo- 
h do not deviate very much (<1imV). 


hy 
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Mele — The membranes we used were made of collodion supported polystyrene sulphonic 
acid. Therefore, the fixed negative charges came from the sulphonic groups. As far as the width 
of the pores of the membranes is concerned, our membrane were not permeable to water, and the- 
refore, they should be considered as a phase rather than a porous medium. The slope of the curve 
RT/F for uni-univalent electrolyte (NaCl) has been found to be 57 against a theoretical value of 
58. We have used for 10-15 determinations the same membrane and we have got — I would say 
surprisingly — a perfectly reproducible performance. 


The polarographic behaviour of rhodium (II) 


chlorocomplexes 


DANILO COZZI & FRANCESCO PANTANI 


Istituti di Chimica Analitica dell’Universita di Firenze e Trieste Italia 


Summary: It has been experimentally proved, by « mbometric measurements, that 
Rhodium(II1) chlorocomplexes are reduced to metal at dropping mercury electrode, and 
we have given evidence of the reversibility of reduction process. Further, it has been stu 
cid 


died the variation of the half wave potential as a funct of chiloroions activity it 
solution 
rhe formation constants of complexed ions 
RhCl*~ RhCl,* RhCl, RhCig~ RhCl, 
have been computed and the following values derives 
kK, 8-10" K, 3.5 °10¢ 


K, 1.2 .10 K, 6°10" 


rhe polarographic behaviour of Rhodium has been studied, for the 
first time, by Willis [1]. He used the Ilkovié’s equation for several Rho- 
dium (II1) complexes in order to determine the number of electrons invol- 
ved in the reduction process (the comparison was performed with the cor- 
responding Cobalt(1I]) complexes) and plott d E against log i lz 1 to ascer- 
tain whether the reaction was reversible or not. 

rhe following results were attained: 

1) Cyanide complexes. E, 1.4/7 V. Height of the step propor- 
tional to Rh concentration. Reduction electrons 1. Not reversible reac- 
tion: RA(CN), e—> RhA(CN), 

2) Monochloro-pentammine complexes. E 0.93 V (suppor- 
ting electrolyte chloride), 0.96 V (indifferent ‘supporting electrolyte). 
Height proportional to concentration, reduction electrons 2. Reversi- 
ble reaction: Rh(NH,),Cl1** + 2e— Rh (NH,),CI°. 

3) Thiocyanate complexes. £, 0.39 V. Eleetrons of reduc- 
tion 2, reaction not completely reversible. The author wonders whe- 
ther the 2 electrons reduction involves the passage from Rh to Rh*' o1 
rather, if the reduction from Rh** to Rh® is observed only after the reduc- 
tion Rh** — Rh**, not recorded by the polarograph, has been performed. 

1) Pyridine complexes. £, 0.41 V. Height proportional to 


concentration. Reduction electrons , not reversible reaction. 
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No waves have been observed in supporting electrolytes nitrite, 
oxalate, tartrate or ethylendiamine. 

he polarography of Rhodium has been further investigated by Re- 
pin [2]. He was led to the conclusion that, also when Platinum is present, 
the most reliable quantitative determination is given by supporting elec- 
trolyte having an excess of pyridine content and HCl. 

G. Semerano and E. Gagliardo [3] emphasized, in a general report on 
the polarographic behaviour of Platinum metals, that the best conditions 
are: a)small amount of Rhodium to avoid a maximum in the wave, }) sup- 
porting solution 2 molar about in pyridine hydrochloride plus pyridine 
excess. The reducible form is assumed to be (Rh-pyrid, Cl,)* giving (Rh- 
pyrid, Cl,)°. The authors have also remarked a considerable cathalytic 
action of Rhodium on Hydrogen ions deposition. 

\ further polarographic study on the complex RhACI,~* was carried out 
by E. Scarano [4], and the following results were attained. 

When Rhodium is little or not at all complexed, like in RACI,~—*, it 
is reduced by mercury to metal which, keeping on the drop, originates 
a Rhodium electrode. Applying negative potentials to this electrode, it 
is possible to attain the polarographic reduction of the complex. Thus, it 
is given to notice a first not well shaped step consequent to mercurous 
ion reduction, and a second, well defined one, consequent to RhCI,~—* re- 
duction. The more the concentration of C/~ ion in supporting electrolyte 
is increased, the more both steps shift to higher negative potentials. Nei- 
ther the first, nor the second step are proportional to Rhodium concentra- 
tion which is derived only by the addition of both and an explanation is 
given for that. 

\t higher negative potentials, it is possible to obtain also a third and 
a fourth step. The third one is observed for higher Rhodium concentra- 
tions and the fourth for lower concentrations; their height is not propor- 
tional to Rhodium concentration, they do not shift following the C/~ ion 
concentration and disappear when HCl replaces a chloride supporting 
electrolyte, the Hydrogen ion discharge having been performed yet. No 
explanation is given by the author for these steps. He also refers briefly 
on the Rh(NO,), compound which, when placed in ANO, supporting elec- 
trolyte, does not react with mercury showing two polarographic steps, whi- 
le in I1NO, is decomposed by mercury showing only one step. 

Simpson, Evans and Saroff [5] have carried out a research on precious 
metals in general. They have given evidence that the formation of stable 
complexes is not claimed for the polarographic determination of said me- 


tals, provided they react quickly with the mercury surface. However, such 


1 procedure applies when determining Gold and Platinum, but is of no 
use for Palladium, Iridium, Ruthenium and Rhodium which, being shown 
in small reactive form, take a longer time to be reduced by mercury. 
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The authors observe, with particular reference to Rhodium, that the 
chloro-complex red solution, oldened for a given time, tends to a yellow- 
orange colour owing to the substitution of chloro ions with hydroxyl ions 
or water molecules and that the diffusion current increases. That is the 
evidence that the yellow form is more mobile than the red form. On the 
contrary, keeping the Rh solution in acetic buffer for a longer time, the 
polarographic wave reveals a more irregular shape owing, perhaps, to 
the formation of a complex which, however, has not been characterized. 

To conclude, the polarographic literature seems to show that: i) com- 
plexed Rhodium is reducible at dropping mercury electrode; ii) the 
reduction is mainly not reversible; iii)) the process involves 1 or 2 
electrons. 

Of all the results reported by the various authors, the least reliable 
is the one concerning the number of electrons involved in the reduction 
process. The authors’ assumption seems to admit the formation of Rh** 
or Rh*' complexes on the electrode surface and having such a stability 
not to be reducible whatever is the potential applied to the electrode. All 
that clearly contrasts with what was known up to now about the chemi- 
stry of Rhodium. 

As a matter of fact, valence | is found, exception for intermediate 
decomposition products [6] such as RACI and Rh,O, only in those comple- 
xes where Rh* ion is coordinated to lingands stabilizing low valences, such 
as carbonyl! and isocyanates [7]. 

A wider study has been devoted to valence 2. However, the compounds 
which can be referred to such an oxidation state, are only a few. Dwyer 
and Nyholm [8] report that, while the most common reducing agents cau- 
se Rh** to pass to metal, hypophosphorous acid at 100° C, hypophosphite 
at room temperature and stannous chloride, give rise to deep red solu- 
tions. From these solutions, complexed molecules can be separed with ter- 
tiary amines, where Rhodium is at oxidation state 2. 

For qualitative detection of Rhodium, Ivanoy [9] suggests the use 
of stannous chloride and of its resulting deep coloration. 

Ayres [10] [11] has more recently studied the reaction for quantita- 
tive determination. He could submit a clear evidence of the reaction of 
Platinum which. also reacts with SnCl, forming a Pt(0)-complex, but fai- 
led to reach an acceptable conclusion for Rhodium. 

Also Maynes and McBryde [12] arrived at the same conclusion: no- 
body could prove, however, that Rhodium is reduced to valence 2. 

Starting from these data, it seems rather impossible to accept the 
assumption that Rhodium in complex RA(CN), * is reducible with a sin- 
gle electron to Rh(CN),~*, only considering that diffusion current is more 
or less equal to that of Co(CN),~* reduction to Co(CN),~*, or that Rh-mono- 


chloro-pentammine complex can be reduced with 2 electrons comparing 
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t with the analogous Cobalt complexes and taking into account the slope 
f E against log i/i,i of 32.5 mV. 

Facing data so much in conflict and unable to support the process 
eading to the reduction of Rhodium complexes at dropping mercury elec- 
trode, and being our pyrpose to investigate the polarographic behaviow 
of Rhodium(II1), we came to the determination of performing, at first, 
in accurate control of the number of electrons involved in the reduction. 

The control has been carried out exclusively on experimental basis, 
measuring coulombometrically the amount of current necessary to the 
complex wave to decrease or disappear at all, without taking into account 


the evaluation of phenomena 


presenting similar characte- 


% ristics. To this end. we had 


S07 
| 
to periorm a preliminary in- 

vestigation on the behaviour 

of Rhodium complexes in the 
presence of mercury and on 
the influence exerted by the 
gas used to remove dissolved 


air in the solution. 


The research was carried 


out using aqueous solutions 


4 Coy (mM)5 of Na,RhACI,. The fresh solu- 


a ee tions show a pinky colour 
_ for various Rh (IIT) concentrations in KCl 3.5 while an orange colour Is pro 

duced when solutions are ol- 

dened for a given time. The reducing action of Hydrogen on these solutions 
is remarkable and it was advisable the use of pure nitrogen as air remover. 
Mercury too reduces Rhodium, complexed with Cl~, to metal. The 
polarographic wave, in agreement with Scarano, is characterized by a se- 
ries of steps. The first step is due to the reduction of Hg,** originated by 
the complex reduction operated by mercury, the second one is due to the 
polarographic reduction of Rhodium complex. Generally, mercury takes 
quite a long time to reduce the complex. In fact, the dropping of a com- 
mon capillary in a solution about 1.10~° M of Na,RACI, in satured KCl, 
takes one hour to reduce of about 0.5°, the height of the chloro-complex 
wave. A similar decrease is obtained keeping a mercurv layer in contact 
with the same solution, for one hour and without stirring. On the contra- 
ry, when the mercury layer is intimately stirred, the second step height 
is halved in one hour while the height of the first step rises. ‘he sum of 
the two steps rises in the same time of about 8-9 °, and the solution beco- 
mes turbid owing to the separation of metallic Rhodium. Relation bet- 
ween the heights of the two polarographic waves of Rhodium chloro-com- 
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plexes in ACI is not constant and is subject to the variation of Rhodium 
concentration. 


Using ACl 3.5M as supporting electrolyte and capillary of constant 
characteristics (m** {*® 1.89), the first step reports a high percen- 


tage of total current possible to obtain with small Rhodium concentra- 
tions only (Fig. 1). Rhodium solutions at concentration higher than 
1.10—-*M practically reveal the second step only, the height of the first 
one being relatively negligible. 

rhe best experimental conditions being determined, we directed our 
experiments to coulombometric measurements. The apparatus is the sa- 
me described by one of us in a previous work and it has been set for cou- 
lombometric determinations of Columbium [13]. As clearly shown in Ta 
ble I, Rhodium reduction wave disappears with an amount of current 


corresponding to 3 electrons. 


TABLE | Coulombometric measurements or ml. of Na,RhCl, 3.2.10 M in 
salured KCl 


COULO 
Height Rhodium 


f wave at concen cated. from height of 


1.32 V SCI in Mmoles/) , 


(*) Caleulated for three-electrons reductior 


Coulombometric determinations have not been limited to chloro- 
complexes only but have been extended to other complexes and, particu- 
larly, to chloropentammine complex for which identical results are repor- 
ted (Table II). Consequently, all the assumptions referring to polarogra- 
phic reduction with 1 or 2 electrons have to be rejected. 

The investigation on the polarographic behaviour of Rhodium(III) 
chlorocomplexes solutions, has been performed using a AME polarograph 
with a photographic recorder and specially built cells. The cells have a 
double wall to permit water circulation at constant temperature and spe- 
cial arrangements to allow the application of the external satured Hqg,S0O, 
reference electrode. 

Table III gives the results of some chloro-complexes reduction expe- 
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TABLE II 
in NH,CIM. 


COULOMABS 
Height Rhodium 
of wave at 


1,10 V/SCE in 


concen calcd. from height of wave 


Mmoles/! found 


lé 2¢ t¢ 


ilculated for a three-electrons reduction. 


TABLE III. 
against log ifig 


electrolytes, with 0,01 of gelatin. 


Coulombometric measurements on 32 ml. of Rh(NHs;); Cl.Cl, 5,95.10 


Half wave potentials, constants of diffusion currents and 


- i of polarographic waves of rhodium(IIT) in several 


“*M 


Per cent 
error (*) 


slope of E 


supporting 


Stabiliza- 
Supporting th conen 


(\Mmoles/l) 


tion of 
Colour “l step 


electrolvte solutions 
(.) 


by heating 


orange 


, 
Vellow 


orungse 


vellow 


orange 


sutured 


lu F 
total 


(25° C) 


iwmeinst 


log i/ia —i 


‘) te 
0 056 


0 2s 
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riments, in various supporting electrolytes and at different concentrations. 
While half wave potentials in the absence of chloride as supporting electro- 
lyte show small variations only, the constants of diffusion current undergo, 
on the contrary, to remarkable variations. 

The variations that Simpson, Evans and Saroff remarked in the be- 
haviour of red (fresh solution) and red-orange forms (oldened solution), 
are much more evident when the oldening process is performed by hea- 
ting for some minutes at 100° C in supporting electrolyte solution, instead 
of at room temperature. Experiments No. 9 and 10 give clear evidence 
of the phenomenon, i.e.: 

a) a remarkable difference in diffusion currents is observed; 
b) quite different features of polarographic waves are obtained; 


c) relation A E :log i/i,i may give a value larger than 120-140 mV. 


Such an irregular behaviour may be ascribed to the easy mobility of 
chloro-ions coordinated in the complex and to the consequent possibi- 
lity of substitution with water molecules or hydroxyl-ions. 

In fact, Rhodium complexes composition in indifferent electrolyte 
solutions is of uncertain and variable nature, insomuch to allow that se- 
veral forms exist all at the same time. On the contrary, using Rhodium 
solutions stabilized, each time, in: proper chloride supporting electrolyte, 
it is possible to obtain regular and reproducible polarographic reduction 
waves. However, also in this instance, the relation A E:log i/i,i being 
remarkably higher than the theoretical value (19.7 mV), we would be led 
to acknowledge the irreversibility of the electrolytic process. Further, we 
will show the reasons why the fact cannot be taken into account for a 
judgement on the reversibility of the process. In fact, solutions of Rh** in 
the presence of chloro-ions do not contain one complexed ionic species 


only, but several species are present all at the same time having different 


formation constants. 

Actually, only in a few cases, slopes a little above 20 mV have been 
obtained with solutions derived diluting other oldened solutions concen- 
trated in chloride. 

The proof of the reversibility of the electrochemical process is given 
by the following data: 

Rhodium(II1)-chlorocomplexes, are reduced at dropping electrode 
with amalgam formation; 

the variation of F,, with the temperature is 0.2 0.4 mV per de- 
gree °C; 

the variation of constant of diffusion current is about 1.5°, per de- 
gree °C; 

an oscillographic examination, according Heyrovsky and Forejt’s 
method [14], reveals only a small potential difference between the two steps. 


ence weakens, nearly to disappear, when the frequency of al- 
irrent is reduced. 
sults obtained reducing chlorocomplexes in chloride solutions are 


in Table IV. 


Half wave potentials and constants o ision curr of RhCIID 


mple res 2. i? WT) | ; ’ Pe ne trolytes. 


Fig. 2 represents the half-wave potential variation against chloro- 
ms active concentration. 

Concentrations above 1M are obtained with HCl, variable molarity 
| to 12, as supporting electrolyte. For lower concentrations ionic strength 
ind hydrogen ions concentration have been kept constant and //Cl 
I1Cl10, mixtures have been used as support. 

The analvsis of the curve reveals that a straight line can be observed 
only for considerably high chloro-ions concentrations with a slope ol 
about 120 mV/logarithmic unit. Thus, it can be reasonably deduced that 
RhACI, is the only, or nearly the only form existing for such a,,— values. 

\s the concentration of chloro ions (log a, < 1) decreases, a curved 
line can be observed, showing not only a single ionic species, but several 
forms of complexes contemporaneously present. When the slope varia- 
tion of the curve is considered, it is noted that the average index of com- 
plexity takes the values of 3-1-5 respectively in correspondence of chloro 
ions activities: 0.03, 0.07, 0.3 to reach, in practice, the value of 6 when the 


log a, is > 1. Fig. 3 shows the path followed by the constant of diftu- 


sion current under the same conditions 


On the basis of results attained, we have evaluated the formation con- 


Stants ol various complexes, according to the De Ford and Hume's me- 
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thod [15]. As a matter of fact, the method is based on the graphic extra- 
polation of convenient functions with 


mplexing avent 
tending to zero. 


concentration 


lable V reports the values evaluate for such tunctions at various 


_——_——__—_— 


(7 concentrations. The graphic computa! 


1] has illowed t he cl termina 


t‘on of the following successive formation 


nsi 


ints 


>. LP 
\s Papoff and Caliumi [16] pointed o such a method is particularl, 
useful when computing the constants ol se complexes sufliciently re- 
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presented by concentration of complexing agents tending to zero. When 


constants of complexes having a high coordination number are concerned, 


log ac +2 


is of diffusion current wit ! ] concentration in acid so 


A | 


the graphic computation may only give approximate results. That, due 


to the fact that these complexes are scarcely shown in low concentrations 


TABLE \ Calculation of F,; (X) according to De Ford and Hume. 


*) extrapolated value 
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of complexing agent and to the fact that on every constants value weights 
the error in which one may have incurred when determining the previous 
constants. 

A different method for the computation from polarographic data ol 
complexes formation constants, and free from the errors deriving from the 
De Ford and Hume’s, has been elaborated by Riccoboni and « oworkers [17]. 


100; 
C% 


80 


Variation of per cent amount of various 


niration, in acid solutions of Rh + 2.10 

\ccording to this method, all values are evaluated simultaneously, 
elaborating a system of as many equations as the number of unknown 
constants to be determined. In our case, however, some obstacles have 
prevented the full application of the system. In fact, in order to write 
down the equations in the right terms, it is necessary to select those va- 
lues of the complexing agent concentration where the average index of 
complexity corresponds to a whole number. It is just for said values that 
the complex percentage of a given index becomes maximal. Now, looking 
at the curve we have derived, representing the half wave potential varia- 
tion, we observe how difficult is to find out the right values of a,, —- for which 
we have a slope corresponding to low coordination number complexes. 
Therefore, a system of only three equations in the unknowns: A,, A, and 
K, has been evaluated, using the values derived from the De Ford and Hu- 
me’s method for the first three constants. 
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The evaluated 


K, 


kK. : LO® kK, 2.7 ° 108 


ire sufficiently in agreement with those derived from graphic extrapola- 


a better approximation. 


tion; anyhow they represent 
formation constants being determined, it is 


i 


Che numerical values 
sible to give the statistical composition of the solutions for whatever 
iplexing agent concentration. 

Fig. 4 represents the percentage of various species which are to be 
active concentration of chloro ions varies. 


| 


nd in the solution when the 


— 


0 +1 log aci- +2 


ve length of the second spectrophotometric maximum 


M acid solutions, with increasing Cl concentration 


It can be easily noted how the most frequent forms are RACI,~* and 


RAC, making abstraction, of course, from the too low values of a, 


\ll that ¢ 


halogenated compounds among the Rhodium (III) 


ind, consequently, of considerable stability. 


an be explained with the presence of penta-halogenated and exa- 
complexes isolated 


Spectrophotometric measurements reproduce features analogous to 
lhe yellow form, typical in solutions at 
in solutions 


those derived polarographically. 
chloro ions concentration, and the red form, noticeable 


how 


it high chloro ions concentration, give spectrophotometric curves chara- 


110 


cterized by two maxima at 375 and 470 mu for the vellow form and at 


and SIS mu for the red form. 
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| IW. » re ports the increase in wave length received by the maximu! 


at 470 mu of vellow form under the ; of rising chloroionic actis 


ty. It is noted that such an 9 4¢ 


increase 1s intimately connect 
Ey, 
ted with the percentage ol 2 
RACI, in the mixture. 

Ihe results obtained con 
lirm also MacNevin and Me 
Kay's researches [18] on the 
behaviour of Platinum metals 
complexes with ions exchan 
ving resins. These two au- 
thors found out that the Rho- 
dium chloro complexes red 
form, behaves like anion and 


the vellow form mainly like 


cation 
Ihe acid solutions of 
Rhodium complexes, where 
hvydrogenions activity Is ne 
ver lowered below normality, 
have been taken into account 
Lill now. The reason is the remarkable coordinating power of Rhodium(IIT) 
which, even at pi/ 1, when chloro ions activity is below 1, shows a consi- 
lerable tendency to coordi- 


| nate hydroxy! ions. 


The diagram of Fig. 6 


ves clear evidence of the 


henomenon. Curve a) is ob- 
ined with solutions wher 
hloro ions activity has been 
kept constant around | and 
pH varies from 0 to 5. Th 
small variations of half wave 
potential, practically show 
niv a negligible amount ol 
oordinated OF ions. 
Curves 6) and ¢) repre- 


sent the EE, variation as a 


inction of pH, testing so- 


tions less concentrated in 


nis of diffu 


concentration : ae hloroion. 


etatin = C680 When pi/ is higher than 
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1, a remarkable slope is revealed, denoting the presence of one or more 
OH — coordinated. 

The presence of basic complexes can be easily determined by polaro- 
grams. In which case, they lose symmetry, require always larger poten- 
tial ranges and become irregular. The constants of diffusion current keep 
unchanged for whatever pH value ranging from O to 5, when the chloro- 
ion activity is 1, they decrease at increasing pH when a,,— is less than | 
7). Such a variation in the constants of diffusion current, shows the 


(Fig. 
deep alteration in Rhodium complexes spatial structure, when hydroxyl 


ions are introduced. 


! National Research Council (CNH .). 


research has been sponsored by the Italian 
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DISCUSSIONS 


Bjerrum (Copenhagen) Is polarographic wave reversible ? If it is not reversible, how 
been the stability constants calculated ? In the distribution of several species of complexes, 


pH values not too low, has not been existence of basi complexes (RA-OH) taken into account ? 


Polarographic wave of RhA(III) has been tested to be practically reversible oscil- 


E% and Ja with temperature. Basic complexes are present 
of Rhodium complexes we have shown art 


Cozzi 
raphically and by variation of 
lv at pH larger than 1. while the several specie 


t t pH nearly 0) 
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PROPRIETA MAGNETICHE E STRUTTURALI 


Proprietés magnétiques et structurelles 
Magnetic and structural properties 


Magnetische und strukturelle Eigenschaften 


Magnetochemistry 


Introductory Lecture 


RONALD SYDNEY NYHOLM 


University Ce red ond england 


Summary: The simple fundamentals of magneti isceptibility and its determination 


are first summurised and the various types of magnetic behaviour indicated. The theore- 


tical basis of magnetic susceptibility is outlined and paramagnetism is discussed in some 
more detail. The latter is divided into various types depending upon the multiplet separa- 
tion and the strength of the electrical ligand field ar: d the ion. The applications of ma- 
gnetic susceptibility measurements to valency prol ns are then discussed, attention 
being drawn to the uncertainty existing when metal-metal interaction occurs. The rela- 
tionship of susceptibility and bond type is discussed 1 the limitations are emphasised. 
rhe way in which paramagnetic measurements may |! ised to determine the stereoche- 
mistry of transition metal complexes is surveyed. In addition to a survey of the use of the 
number of unpaired d electrons for this purpose the way in which the deviation from the 
spin-only moment may be employed is also discussed ¢ importance of the Kotani theory 
in providing an understanding of strong field comple x which the moment is less even 
than that expected from the Pauling theory is emph ed. Tables of the magnetic beha- 


viour of spin free and spin paired complexes are pr led 


INTRODUCTION. 


Magnetic measurements find extensive application in the study of the 
chemistry of coordination compounds — especially for the transition metals. 
This lecture will be restricted to a discussion of the origin of magnetic beha- 
viour and the application of magnetic susceptibility measurements to the 
elucidation of valency, bond type and stereochemistry of complex com- 
pounds. For a more detailed survey of this subject references [1-10] should 
be consulted. 


I] MAGNETIC FUNDAMENTALS. 


The important terms used and relationship between them are sum- 


marised as follows: 
Principles of magi 


Il Field Strength in Vacuum. 


B Magnetic Induction (Lines of force per unit area in specimen on ap- 
plying field 7 in vacuum). 
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Intensity of Magnetisation or Magnetic Moment per unit volume. 


Magnetic Permeability 


Volume Susceptibility 
H 


A 


Gram Susceptibility 
Density 


Molar Susceptibility y Molecular Weight: similarly, 


\tomic Susceptibility and +, 4 lonic Susceptibility. 


For Diamagnetics ;is very small, negative and independent of /. 


Paramagnetics zis small, positive and independent of /7. 


Ferromagnetics zis very large, positive and depends on the value ol H. 


When reasonable amounts (~ 0.2 gram) of a substance are available 
the Guoy method is the most convenient method for measuring y. This ena- 
bles one to measure ~ from liquid H, up to room temperature and a little 
beyond. For much higher temperatures (~ 700-1000°C) the Sucksmith 
Ring technique is more practicable; however, few coordination compounds 
are stable at such temperatures as this. Although the Faraday method is 
essential for very small samples (1-2 m. g. specimens) one tends to avoid 
it whenever possible since a trace of impurity in such a small sample has a 
relatively greater effect on y than that observed when using larger samples 
as in the Guoy method. Also, except in special micro work (as is needed 
in the study of the trans-uranic elements) one normally needs at least 0.25 g. 
of a complex for a subsequent analysis, and for conductivity, spectra etc. 
The absence of analytical data on many of the compounds for which + has 
been reported in the literature is most unfortunate for it is apparent that 
many quoted values of x have been obtained with grossly impure com- 
pounds or indeed using the wrong substance. It is most desiderable to have 
measurements of y over a range of temperatures if one is to be really confi- 
dent about conclusions drawn from the size of a magnetic moment. Ho- 
wever we must be realistic and recognise that most workers do not attempt 
to set up apparatus for temperature-susceptibility studies and indeed, for 
many purpose one temperature measurements do give the information 
which the experimenter seeks. We shall deal here especially with the circum- 
stances under which one temperatures measurements are useful (especially 
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first transition series) and stress the circumstances (antilerromagnetics 
and third transition series) where temperature studies are essential. 

We can divide substances up into various types according as their su- 
sceptibility varies with lemperature and field strength. These various kinds 
of magnetic behaviour are summarised in Table I. It is doubtful whether 
the earlier distinction drawn between mufamagnetism and antiferromagne- 
lism is really justified, the former being essentially an example of the latter 
with a very low Neel temperature. 


behaviour 


Femperuture 


Dependence 


1. Diamagnetism Electrons without ma-| Negative 


gnetic momentum smallin~ntl 


Normal Poramagn klectrons with spin! Positive 
inm md (usualiv) orbitalli ~ 10 


momentum 


Fremperature Ince \tom with upper state] lo : ' K Mn, 


pendent or Van [seperated by energy | sma mines 
Vieck Paramugnet nterval laruge cf KT) 


sm from wround «tute 


1. Pouli or free elec Purumagnetism o Positive 


tron Parumagnetism |electron gas smull 


» berromaunetism of particles l r Complicated, 
with electrons having ! decreuse it Corte 


perallel spins Fempera ture 


6 \nti-ferromugnet Two lattices of pur-| Positive " _— ve below 
t 


ism ticles having spins of/smuall runsition tempers 


lattice A anti parallel|(~ 0.1 It ire 


| 


with those of lattice BH.) 10 } 


7. Ferrimagnetism Interpenetrating  Jat-| Positive 
tices with unequallii~ 10 
numbers of electrons 


with anti-parallel spins 


» ; 
8%. Metamagnetism * (/Purallel or antiparallel) Positive NiCl, at liquid //, 
alignment of momentsi( ~ It remp 
i 


fin domuins 


* Shows field strenght dependences 
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Ill. Orn1IGIN OF MAGNETIC SUSCEPTIBILITY. 


Magnetic susceptibility arises from the electrical nature of the atom 
and the possible energy states which the atom or molecule may occupy. 
The nucleus may contribute to paramagnetic susceptibility also but as its 


: I : : 
effect is small (u for a proton is 000 that for an electron) and since it is 


being discussed in another lecture at the Conference it will not be consid- 
ered further. 


Diamagnetism. 


Diamagnetism is a property of all atoms whether they possess an over- 
all paramagnetism or not. It arises from the tendency of all electrons in 
closed shells ‘to orient their planes of rotation so as to suffer the minimum 
interaction with the imposed magnetic field. For a polyelectronic atom 
both classical mechanics and quantum mechanics lead to the expression 

Ne 
J. A 6 mc 
for the atomic susceptibility. In this expression N is Avogadro’s number, 
e the unit of electrostatic charge, c the velocity of light and m the mass of 
the electron. The expression r° represents the sum of the squares of the 
projections of the orbits for all the electrons on a plane. On substituting 
for the constants we obtain the expression 


LA 


It is clear that for an atom, diamagnetic susceptibility should be virtual- 
ly independent of temperature, which is found to be true in practice, and 


should be very sensitive to factors which affect the value of r°. For example, 


the y , for argon (— 19x 10~°) is numerically larger than for the iso-elec- 
tronic K~ ion (— 14 x 10~°) because the charge on the potassium ion con- 


tracts the area of the electronic orbits. It is mainly upon this sensitivity of 
r- to environment that the use of diamagnetic measurements for stereo- 
chemical purposes depends. 

For a molecule having no unpaired electrons, a second term may be 
involved in the total susceptibility. This is the contribution caused by Van 
Vleck (temperature independent) paramagnetism which we shall represent 
by yy.y. Thus for such a polyatomic molecule the experimental figure 
yu Should equal Ly, + ,,. In practice the calculation of atom and mo- 


n 
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lecular diamagnetic susceptibilities is very difficult and agreement with 
experiment is only approximate. One usually follows Pascal's approach 
and assigns to each atom a fixed diamagnetism and attributes all deviations 
from the experimental value to a series of constants called « constitutive 
corrections », i. e. A. Thus 7, Y. 74 + A. The term d includes corrections 
for double bonds, position isomerism, presence of aromatic rings, etc. 


A simple application of diamagnetic measurements for structural pur- 


poses is in connection with keto-enol isomerism. Thus, if acetone exists in 
the keto form, CH,—C—CH,, the calculated y,, is —33.58 10—*°. For the 


0 
enol form C// Cll, yy 1S 34.9 10~*. The experimental value of 


OH 

33.64 « 10 supports the accepted ketonic structure. Diamagnetic 
measurements have been used fairly extensively in studies of keto-enol 
isomerism but their value in the study of complex compounds is negligible. 
In order to correlate some structural effect (i. e. cis-trans isomerism) or a 
bond property (e.g. metal-ligand double bonding) with a diamagnetic in- 
crement one needs to have a large number of measurements on a wide range 
of similar model compounds as one does in organic chemistry. This is ra- 
rely possible in inorganic chemistry hence the negligible application of 
diamagnetism in this field. 


Normal paramagnetism. 


rhis is found in those substances the atoms or molecules of which 
behave as thongh they have a permanent magnetic moment. When the 
molecules are free to orient themselves, ideally in the gas phase, but in 
practice also in solution and even in the solid state if magnetically dilute (), 
they are subject to two opposing effects. These are (i) the magnetic field 
I] which tends to align the molecular magnets in the same direction as 
that of the field, and (if) the thermal agitation (AT effect) which tends 
to randomize the directions of the molecular magnets. Clearly, as 7 de- 
creases, the effect of the applied field becomes relatively stronger. It can be 
N?2,,? (*). 
3RT 


where N is Avogadro's number, u the magnetic moment, F the universal 


shown that ideally susceptibility is given by the expression + 


constant, and 7 the absolute temperature. In practice when studying a 


\ magnetically dilute substance is one in which the » of diamagnetic 
is large; e. 6. | NE CNTD gl, is large (ratio 26:1) whereas be) ill (ratio 1:1) 


(*) Zp may be regurded us « orientation susceptibility i classically from interaction of perma- 


nent magnetic dipoles with field. 
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complex compound one measures leading to y,, which is the sum of y, , 

4; y» Where y, is the sum of the diamagnetic contributions to the 
susceptibility. As one usually does not know the value of 7, ,. it is custo- 
mary to use in place of 7, in the above expression the « corrected » molar 
susceptibility 7;, which equals 7,, — yp». The value of the magnetic moment 
obtained using y,, is called the «effective magnetic moment u,,_. Substi- 
tuting for the fundamental constants in the above expression one obtains 
the relationship: 


l 
2.84 | 7, x T. If the susceptibility 7, is proportional to 7 as 


required by the expression y, the susceptibility follows the Cu- 


2 
—~ t 


rie Law and yu. is independent of 7. More commonly +>» « r | 5 ™ here 6 
is a constant over a greater or lesser range of temperature. A substance 
which follows this relationship is said to follow the Curie-Weiss Law; if 
this law is followed, u,, is independent of temperature only if one uses 
(T + 6) instead of T in the expression p,, 2.84 }y, * T. If cooperative 
phenomena occur there is no simple relation between pu and T. 
rhe origin of paramagnetism is to be found in the fact that extra-nu- 
clear electrons possess both spin and orbital angular momenta. The former 
can be visualized classically (but incorrectly) as arising from the electron 
spinning » on its axis and the latter from its angular velocity in moving 
around the nucleus. The idea of electrons travelling in planetary orbits 
around the nucleus is no longer tenable in the light of modern quantum 
mechanics but the concept of orbital angular momentum is mathematically 
useful although pictorially incorrect. For a single unpaired electron the 


h 
spin angular momentum is given by — . = — Forn unpaired electronswith 


; i l ; 
parallel spins the total spin angular momentum is ~} = — 3 the orbital an- 


h 
gular momentum for any particular electron is given by 1. =~ Where 1 is 


the subsidiary quantum number. For an atom containing n unpaired elec- 


n 


on 


h 
trons the total spin angular momentum Is given by S. where S 
) 


. i 
Similarly, the total orbital angular momentum is given by L. — Lbeing 
the vector sum of the individual subsidiary quantum numbers /,, /,, /,, ete. 
We must now see how L and S combine to give a resultant total angular 
momentum. This is given by the inner quantum number J. The rules 
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governing the combination of L and S to give J are quoted in the foot- 
note (*). Finally we are led to the relationship between angular momentum 
and magnetic moment. It can be shown for a single electron of subsidiary 
quantum number 1 revolving around a nucleus the classical angular mo- 


h i 
mentum /. > becomes in quantum mechanics} / (/ + 1). = and this 


eh 
in turn gives a magnetic moment of } / (/ 1). C.G.S. units. For 
mime 


eh ) 
convenience is called 1 Bohr Magneton; it equals 9.18 x 10~* C.G.S. 
m™ me 


units. For reasons which need not concern us here the unit of spin angular 


l h 
momentum -~ . >. gives rise to the same magnetic moment as the unit 


i 
of orbital angular momentum z which is twice as large. 


Temperature independent or Van Vleck paramagnetism. 


his can be regarded as arising from contributions to the configuration 
of the molecule of states which are separated from the ground state by an 
energy (/ v) which is very large compared with AT. As a result the normal 
Boltzmann function to determine this contribution is inapplicable. It is 
convenient to picture the effects as arising from an unbalanced orbital 
contribution. There are no unpaired electrons but the small contribution 
to the actual configuration from a state with a different L value gives us 
our paramagnetic effect. In many complex compounds its effect can be 
quite appreciable. It makes a significant contribution in octahedral Co™ 
complexes and has been shown to be important in Cu" complexes. The 
small « moments » (~ 0.6 D) of formally diamagnetic complexes (e.g. some 
Fe" compounds) often arise from this effect. In the absence of any definite 
evidence as to its value it must in practice be compounded with y, to 
give y;, and moments calculated using this figure. 


(*) ITlund’s Tiules are 
1) Of the possible terms allowed by the Pauli princip wil the " num multiplicity lies 
lowest. (Multiplicity 2S 1).: 
“) If there are several possible ways in which /. and S ipled so us to maintain the maximum 
multiplicity, then the lowest lying terms is that with the max n value of / 
t) If a sub-group of clectrons is less than half full, the n plets are « normal i.e. smallest J has 
lowest energy, ic. J / S. For shells more than half full roest J lies lowest. Le J ] s 
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Antiferromagnetism. 


Certain compounds such as ANiF,, which has a perovskite structure, 
display a susceptibility temperature curve in which ; first increases as T 
increases (starting from liquid N,) and reaching a transition or Neel tempe- 
rature (~ 0°C), where 7 is a maximum, the susceptibility then steadly de- 
creases aS with normal paramagnetics. This behaviour arises from super- 
exchange through fluorine (or more commonly oxygen) ions as the result of 
which we have two sub-lattices of Ni~~ ions one of which has all the spins 
parallel but in a direction opposite to that of the other sub-lattice. It will 
be recalled that in ferro-magnetics all spins are parallel. Super-exchange 


is a phenomenon which occurs in magnetically concentrated and in poly- 


nuclear complexes far more frequently than is generally recognised. Ex- 
cept for the fact that we stress the need for y-temperature measurements 
to check for its possible presence it will not be discussed further in this 


survey. 


IV. — MAGNETIC BEHAVIOUR IN SIMPLI 
AND COMPLEX COMPOUNDS AND LI- 


GAND FIELD THEORY. 


The magnetic behaviour of a normal paramagnetic compound is de- 
pendent upon the following: 

a) number of unpaired electrons; 

b) spectroscopic ground state, and upper states if the separation 
is reasonable compared with kT ; 

c) the symmetry and strenght of the electric field arising from the 
immediately adjacent atoms (ligands). We can conveniently sub-divide 
the types of paramagnetic behaviour observed into six types: 

i) Rare Earth Type. (Large Multiplet Separation). This is the 
ideal magnetic behaviour and arises (a) when the unpaired electrons respon- 
sible for paramagnetism are well shielded from external forces and (6) when 
the ground state of the atom is separated from the next higher excited sta- 
te by an energy difference (hv) large compared with kT. The magnetic 
moment is given by the equation u q\ J (J 1). g is the Lande Splitt- 
ing Factor given by the expression. 


J iJ + 1) SiS 1) LiL 1) 
25 (J + 1) 


For substances showing this type of magnetic behaviour yp is indepen- 
dent of the stereochemical environment and the magnetic dilution. Magnet- 
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ic moments of this type are not shown by the iron group elements but it is 
the ideal behaviour from which deviations occur to a greater or lesser ex- 
tent. 

ii) Small Multiplet Separation. When the energy separation bet- 
ween successive J values (/ v) is very small compared with kT it is found 
that L and S no longer couple together to give a resultant J, but each reacts 
separately with an external field. Under these curcumstances the calculated 
value of wis given by} 4S(S + 1) + L(L + 1). This is the opposite extreme 
to case (1) and is the limit towards which uw approximates as ““J,— J,) 
approaches zero. This behaviour occurs with certain iron group elements 
when no orbital quenching takes place. 


iii) Intermediate Multiplet Separation, i.e. hv , _, comparable with 
oO 1 


kT. When this situation arises, there is a distribution of the molecules 
over the various J values decided by the Boltzmann equation. Examples in- 
clude NO, Sm* and Eut** 

(iv) Spin Only Type. It has been known for a long time that the 
magnetic moments of the irons of the elements of the first transition series 
(Ti —- Cu) agree neither with the large multiplet separation formula u = g 
} J (J + 1) nor the very small multiplet formula nu =) 48(S + 1) + L(L+1) 
Agreement between theory and experiment is best given by the simple ex- 
pression u )4S (S + 1), at least for the first half of the series, the whole 
of the orbital contribution L (L + 1) being ignored. However, deviations 


from the «spin-only » formula un = }4S (S + 1) can be used to assist in de- 
termining stereochemistry in ideal cases. 

v) Spin Paired Type. It is often found that the moments of cer- 
tain complexes are much less than those precicted by the Hund formula. 
Thus, whereas the Fe*** ion has the expected 5 unpaired electrons in A,FeF, 
corresponding to 5 unpaired electrons, in A,Fe(CN), the moment of 2.34 
B.M. indicates only one unpaired electron. This behaviour arises from 
the large separation of levels by the ligand field causing pairing of elec- 
trons. 

vi) Heavy atom type. Owing to the large nuclear charge in the 
third (and, sometimes, the second transition series of elements) a further 
reduction below the moment expected for the number of unpaired electrons 
is often observed. This is due to the strong field of the nucleus acting upon 
penetrating d orbits to result, in effect, in an alignment of the L and S vec- 
tors in opposite directions. This can result in complete destruction of para- 
magnetism even though unpaired electrons are present. E.g. for an atom 
with a four d electrons u will be zero if L = 2 and S*= 1 and these are in 
opposite directions. 

It is useful to illustrate how moments would vary by considering com- 
pounds say with four non-bonding d electrons under each of the above cir- 
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cumstances, as sharow in Table Il. (Complexes with four non-bonding d 
electrons include those of Cr", Mn‘, Fe'’, Ru'’, and Os"). (*) 


TABLE Il 


Type of Behaviou Leff, -xpected Example and Ue 


(Rare Earth Type) 0.0 B. M 

(Very small vy Type) ».48 B. M 
i (Intermediate vy Type) Varies but 

Spin Free Type 1.90 B Crrt 4.9 B. M 

Spin Paired Type 2.83 RuCl, 2.83 B. M 

Heavy Atom Type ; l 1.4 B. M. at 25° C falling 


as T decreases 


So far we have indicated the importance of the number of unpaired 
electrons, the energy separation between spectroscopic states; we must now 
consider how the symmetry and strength of the field due to the attached 
ligands affects the moment. 


Ligand field theory. 


As full discussions of 
this are available elsewhere 
and since has been discuss- 
ed by Dr. Sutton we shall 
merely summarise the prin- 
ciples here [11, 12]. The 
theory sets out to correlate 
the magnetic and spectral 
properties the non-bonding 
d electrons with the ligand 
field. The d electrons oc- 
cupy orbitals of two types; 


the so-called dy orbitals (d, 


-2 andd,., _ 4) which have their 


ne 1. — d Orbitals, referred tox, y and z axes. Both dy (dz lobes of electron densit \ 
and dx y*) orbitals are shown but only one d-_ orbital . 
The dygz and dyz are omitted for clarity. The ring of concentrated along the z 


(d xy) 


electron density in the z, y planewich forms about 30) of orbital in the one case and 
the electronic change of the dz orbital has been omitted f 
for the sake of clarity the x and y orbitals in the 


(*) As discussed on p. 629 a d* complex will also be diamagnetic if the metal has a coordination 


number four and a tetrahedral arrangement 
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other. The three d_ orbitals (d,,, d,, and d,.) have lobes of electron den- 
sity pointing in between the x, y and = axes. The dy, d»_» and d,, orbi- 
tals are shown in Figure I. When one brings up six negative charges (li- 
gands) along the octahedral axes one obtains a splitting as shown in 
Figure II. If the ligand field is « weak » the five d electrons in an Fe”! com- 
plex ion, e.g. [FeF,]*~ remain unpaired since the energy separation A is 
smaller than inter-electronic repulsions of electrons with opposite spins. 


LIGAND FIELDS SPLITTINGS FERRIC LON IN OCTAHEDRAL (CUBIC) FIELD 


NO} FIELD STRONG FIELD 


3” 
Fe~ ion in field 
free situation all 
d orbitals degenerate 


1 


However with the [Fe (CN),]*~ ion the splitting A is ~ 50,000 cm~' and as 
a result the spin paired complex has the lower energy. This corresponds with 
[ype (V) of normal paramagnetism. For tetrahedral complexes this ar- 
rangement of orbitals is inverted and the separation A is much smaller. The 
separation of orbitals in square and tetragonal complexes is shown in 
Figure III. These diagrams enable us to understand under what circum- 
stances one may infer something about stereochemistry from lhe number 


of unpaired electrons since it is clear that the symmetry as well as the 


strength of the ligand field affects electron pairing. 

To appreciate the way in which orbital contribution to magnetic mo- 
ments in spin free complexes in quenched by ligand fields we can take the 
case of the Co” complexes. These may be either octahedral (e. g. the pink 
[Co (1,0),| ~* ion) or tetrahedral (e. g. the blue [CoCl,]™ ion). The former have 
moments of 4.8 — 5.2 B. M., which is well in excess of the spin-only value of 
3.88 B. M.; the tetrahedral complexes have much smaller moments, in the 


range 4.3.-4.7 B. M. This quenching may be pictured as follows. For either 
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spin or orbital magnetism it is necessary that the application of a magnetic 
field should alter the distribution of electrons between different spin or 
orbital levels respectively. This re-distribution can only occur between 
orbitals of the same symmetry type and hence for orbital magnetism only 


d. orbitals need be considered. For our octahedral Co”’ complexes we have 
a d5 d.2 configuration (in the ground state). The effect of a magnetic 
field, which necessarily has a preferred directional character, is to remove 


LIGAND FIELD SPLITTINGS 


SOUARI 
OCTAHEDRAI rETRAGON AI PLANAR rETRAHEDRAL 


NOT TO SCALI 


Ficure 3 


the degeneracy of the three d, orbitals and hence it provides a means of 
altering the average electron density in these and thus gives rise to orbital 
magnetism. In the tetrahedral complex however, the configuration will be 
d,4 d* and since there is one electron in each d, orbital the application of 
a magnetic field cannot alter the mean electron density in the d, orbitals 
unless spin-pairing occurs. This argument refers only to the ground state 
and other states undoubtedly contribute in some measure. The above pic- 
ture explains why orbital magnetism in tetrahedral Co” complexes is 
relatively (u = 4.3-4.7 B. M.) small. The values 4.3-4.7 B. M. for tetrahe- 
dral complexes have been calculated from one temperature measurements 
as a rule. However Dr. Figgis has found that the 6 correction for most 
octahedral and tetrahedral Co JJ complexes is usually small. On this basis 
one can predict that orbital magnetism is expected in spin-free octahedral 
complexes of the types de? (Ti**); de* (V°*); de* dy* (F*~); de d,* (Co**) 
but not in de* (Cr**); de? d,* (Cr**); de® d,* (Fe**); de* d,* (Ni**); and 
d-* d,’ (Cu*~*), complexes. 
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Alternatively one could discuss this s ibject of orbital quenching in 


terms of the splitting of the seven-fold degeneracy of an F state or the five- 
fold degeneracy of a D state (see Figure IV). Whenever a singlet lies lowes- 
no orbital magnetism is anticipated but wherever the triplet is the lowest 


SPLITTING OF D AND F STATES IN OCTAHEDRA IND TETRAHEDRAL COMPLEXES 


+ ’, 
Free ‘Cubic"Rhombic free “Cubic "Rhombi Free 
lon Field Component fon field ‘component ion 


Fr State r State 
Octahedral Coll Octahedral Ni// 
Tetrahedral Ni// retrahedral C 


SPLITTING OF F & D STATES Ct 


FLECTRONIC CONFIG! 


Tetrahedral Cs 


Ground 


State 


Excited ' cited State st teded St 


Triplet rriplet 


xcited State 2nd bixcited 
Singlet rriplet 


wi. ) 


level a large orbital contribution is expected. This is made 
ference to Figure IV (Splitting of F State). Octahedral Co” has a triplet 
ground state which arises from the configuration (3d-)° (3d,)*. The first 
excited state is approximately 10.000 cm~~ higher in energy; 


clearel by re- 


this is also a 
triplet arising from the electron configuration (3d -)* (3d ,)°. Both of 


orbitally degenerate triplets permit of orbita 
gher excited state, (3d .)° (3d ,)', is a singlet 


these 
magnetism but the next hi- 


ind will in anv case contribute 
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nothing to the orbital magnetism. Similarly the ground state (a singlet), 
and the first and second excited states (triplets) for tetrahedral Co” arise 
rispectively from the configurations (3d y)* (3d e), (3d )* (3d -)* and (3d)? 
(3d -)®. As has been shown by paramagnetic resonance studies, these con- 
figurations are ideal; in practice some mixing of states occurs. Also other 
possible configurations using 4p 
. ___3 Umpaired electrons | __\d orbitals are feasible, e. g. (3d ,)* 
(3d -)? (4p) in the case of tetrahe- 
dral Co”. 


In the splitting of D states an 


(orbitally) «nonmagnetic doublet » 
may be the ground state. Thus 
octahedral Cu // has a configu- 
1 Unpaired electron . ration (3d -)* (3d,)* but the two dy, 


orbitals are of a different type, so 


that even if they have the same or 
nearly the same energy a redistri- 
bution of electrons between these 
orbitals when the magnetic field is 


applied to give orbital magnetism 


10 12 does not occur. In fact the energies 


kT/A of the dz* and d2*-y* orbitals are 
different because of the Jahn-Tel- 
ler effect. 
We can sum up the relationships between electron configuration and 


the splitting of states in Table, after figure IV. It will be recognised that 
with orbital magnetism one may, in ideal cases, infer something about ste- 
reochemistry from the amount of orbital quenching. For spin paired com- 
plexes the situation is not so simple and one must bear in mind that single 
spectroscopic states have no longer any simple meaning. However at least 
in the case of Co” it is possible [13] to differentiate between square and 
six-covalent (presumably tetragonal) complexes on the basis of the devia- 
tion of the moment from the spin only moment of 1.73 B.M. (Six-covalent u 
1.75 1.95 B.M.; four covalent square u = 2.2-2.9 B.M.). 

Kotani theory. We have concerned ourselves so far with ions wherein 
the spin-orbit coupling constant (A) is relatively small (— 1000). For large 
values of A (~ 6,000 cm~') we find that there is commonly marked devia- 
tion from the moments expected on the basis of the simple Pauling theory, 
whch applies to Type (V) complexes, discussed above. Kotani [14] exa- 
mined the way in which u should vary with A in perfect octahedral com- 
plexes (e. g. [OsCl,|~) over a range of temperature. He made calculations on 
strong freld complexes containing from one to five nonbonding d - electrons. 
In figures V and VI are shown Kotani’s results in graphical form’[15]. A 
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room temperature kT is ~ 200 cm~* hence first row transition metals have 


- ;, 
, in the range 0.4 to 1.0; their moments fall therefore on the right hand 


side of the graph, roughly where one expects the in to be on the basis of the 
simple Pauling theory as applied to spin paired complexes. However for third 
row elements for which A may be as high as 6,000 cm~', kT/A is of the order 
().02-0.1 and hence anomalous magnetic moments with marked temperature 
dependence are expected. Thus we 
find that A,OsCl, has a moment of 
1.40 B.M. at room temperature and “eff d* 
the value of u is proportional to 


3 


| T as one expects from Figure VI. 


Vl. MAGNETIC SUSCEPTIBILITY 


AND VALENCY PROBLEMS. 


lo determine valency from 
magnetic data one attempts to esti- 
mate the number of unpaired elec- 
trons from the moment and hence 


infer the electronic contiguration. 


Five cases of importance are: 

Case I. Spin-Free (Weak Field) 
Magnetically Dilute Complex. e. g. 
K,FeF,, |NiNH,).)Cl, 

his is the simplest case and except for a slight chance of confusion owing 
to orbital contribution (e. g. with [Co (NH,),|Cl, or Fell complexes) no 
difficulty occurs in deciding valency. 

Case 11. Spin-Paired (Strong Field) Magnetically Dilute Complex 
with a small A (Ist and 2nd Transition Series). 

Usually no difficulty arises but confusion may occur if the complex is 
diamagnetic. Thus the spin-free ions Cu', Cu", and Cu" have according to 
Hund’s Rules moments corresponding with 0,1 and 2 unpaired electrons, re- 
spectively. This expectation is borne out by the moments of all cuprous com- 
plexes, all cupric complexes and for the spin-free K,CuF,. However KCuO, 
is diamagnetic and in cases like this we must bear in mind possibi lities IT] 
and IV although, in this instance, II is the reason for the diamagnetism. 

Case 111. Dimer (or Polymer) Formation. E.g. Cobalt octa-carbony! 
(Co(CO),) and K,Ni,CN),. When metal-metal interaction occurs the oxida- 
lion number is different from the valency. Note that A,Ni, (CN), is diama- 
gnetic but A,Ni(CN), is paramagnetic. 

Case IV. Ferro-or Antiferromagnetic Interactions. 

e. g. KNiF, for which yu, = 2.07 B.M. at 20°C, 
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Here the situation is confusing without a temperature-susceptibility 


study. 

Case V. Spin Paired (Strong Field) Magnetically Dilute Complex with 
a Large A (3™ Transition Series). E.g. K,OsCl, — u,, = 1.4 B. M. at 20°C. 
Here the magnetic moment may often be no guide to the valency unless a 


temperature dependence study of susceptibility is carried out. 


VII. MAGNETIC SUSCEPTIBILITY AND BOND TYPE, 


As discussed earlier it is clear that magnetic moments may, in suita- 
ble cases, indicate whether inner d orbitals are available for bond formation. 
It must be stressed, however, that magnetic results do not of themselves 
indicate what orbitals, if any, are being used for bond formation. As an 
illustration, the compounds K,FeF, and K,Fe (CN), have moments of 
5.9 B.M. and 2,35 B.M. respectively and these indicate 5 and 1 unpaired 
electrons the nonbonding configurations being d 4d and d,*. In the case 
of K,FeF, there are no 3d orbitals available for bond formation and such 
complexes have been called « outer (4d) orbital », « essentially ionic » etc., 
according as one wishes to emphasise or not the possibility of using 4d orbi- 
tals for bond formation. With the complex cyanide it is difficult to avoid 
the conclusion that the two 3d orbitals are indeed being used for bond for- 
mation. We take the view that in the absence of electron pairing outer 
orbitals are probably used, at least partly, for bond formation. When elec- 
tron pairing does take place the orbitals thus made available will be used 
by the electron pairs of the ligands for «inner » orbital bonding. It must 
be stressed that the Pauling and the ligand field theories are not in conflict 
on this point but are complementary and criteria other than simple su- 
sceptibility measurements are needed to establish the issue of the nature 
of the bonding. Paramagnetic resonance measurements do give us some 


information on this question. 


VIII. MAGNETIC SUSCEPTIBILITY AND STEREOCHEMISTRY. 


One may utilise magnetic measurements in two main ways to obtain 
information concerning the stereochemistry of inorganic complex com- 
pounds. On the one hand one may deduce shape from the number of un- 
paired electrons and on the other, from the extent to which the orbital 
contribution to the magnetic moment is destroyed by the electrical field 
due to the ligands. 


a) Slereochemistry from number of unpaired electrons. 


In this discussion we shall ignore entirely the probable bonding orbi- 
tals and infer shape from the principle that ligands will tend to arrange them- 
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selves about a metal atom in a perfectly symmetrical way unless the non- 


bonding shell is not spherically symmetrical. The d®, d® and d® configura- 


tions are spherically symmetrical and as pointed out in Table III this re- 


sults in linear, triangular, regular tetrahedral, trigonal bipyramidal, octahe- 
dral and pentagonal bipyramidal according as the co-ordination number 


‘ * - . - 
aaa 4 -— © oF Zz. 


TABLE III. Stlereochemistry of transition metal complexes and the number of unpaired 
d electrons from simple ligand field theory 


TYPE OF 


No of d 
Spin Free Spin Paired 


Electrons 
(Non-Bonding) Unpaired Stereochemistry Unpaired Stereochemistry 


electrons Expected ectrons Expected 


Svmmetrical 


Very slightly distorted octahe- 


dron id -' 


Tetruhedron id or y «l 
wlitiy distorted octahedror 


id .* 


Perfect octahedron : Very slightly distorted octa- 


hedron i .*) 


Square planar of ' retrahedral (d +‘) 


id," dy'*)** 


fetruhedron dy? a") « > Verv sligh distorted octa- 


fect Octahedron (id .* d* hedron 


Very slightly distorted octa- Perfect Octahedron (d .*) 


hedror (d -* d+*) 


Tetrahedron (d +v' d —*) or very Square planar or tetragonal 
slightly distorted octahedron 
id,2dy* 


Perfect octahedron (d - i+y* Tr Square planar or tetragonal 
id .* & 


Square planar or tetragonal 
id -- dy) 


Symmetrical 


* For d® and d® complexes with spherically symmetrica bonding sub-shells one finds linear, 


triangular, tetrahedral, pentagonal bipyramidal, octahedral and pentagonal bipyramidal arrangements 


according as the co-ordination number is 2. 3, 4, 5, 6 or 7 respectively 
** By a « very slightly distorted octahedron » is meant an octahedron with two of the bond lengths 
differing by less than 0.05 A from the other four. A tetragonal arrangement, however, menas an octahe- 


dron with two co-axial bonds appreciably longer (0.2-0.5 A) than the other four. 
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For atoms which contain 1, 2, 3, 4, 5, 6, 7, 8 or 9 nonbonding d’ elec- 
trons it is obvious that the non bonding shell may not be spherically sym- 
metrical. Any asymmetry is expected to lead to a distortion of an octahe- 
dron in one of three ways; a) if the de shell is not symmetrical (contains 
other than 0,3 or 6 electrons) little effect on the octahedron is expected be- 
cause the d, orbitals point in between the ligands and only a very slightly 
distorted octahedron is expected (see figure 1). These extremely small de- 
viations are probably swamped by other effects resulting from other ions 
in the lattice; b) if the asymmetry occurs in the d, orbitals then one may 
obtain a tetragonal or square planar arrangements according as two li- 


TABLE IV. — Configurations favouring various stereochemical arrangements. 


Weak field Strong field 


(Spin Free) (Spin Paired) 


Perfect octahedron : je @,d e* d e” dy’, 
d,*d a. a’ 


Slightly distorted octahedrcn det, dg*, dg‘ dy’, 
d 6 dy* 


Tetragonal or square ~— d,* dy', d-* dy’, 


Regular tetrahedron er @, dy*, d a d e’> 


dy‘, d e’ d™®, 


gands are repelled along the z axis or lost altogether. The possible arran- 
gements are summarised in Table III. It should be noted that contrary to 
what is usually assumed, diamagnetism in a d* complex does not necessarily 
mean a square planar arrangement; it is also compatible with the tetrago- 
nal shape. With d* complexes, 0,2 or 4 unpaired electrons are possible, 
with the shapes as shown. It will be seen that conclusions as to stereochemi- 
stry based upon the number of unpaired electrons are less reliable than com- 
monly believed. 

We sum up again in Table IV the various electron configurations in 
both spin-free and spin-paired complexes which ligand field theory predicts 
will favour the four common stereochemical arrangements. It must be 
emphasised that these refer to the shapes expected as the result of consider- 
ing non-bonding configurations only and ignore the effect of other ions 
surrounding the complex ion and lattice effects generally. The important 
effects of o and x bonding have also been ignored in the simple ligand 
field theory. 
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TaBLeE V. — Stereochemistry, electronic configuration and orbital magnetism in spin- 


Configuration 


Stereochemistry favouring 
this shape 


Unpaired 


‘ Example Magnetic Behaviour Expected 
Electrons 


Perfect Octahedron d,* : [Cr (H,0),? + Spin only moment of 3.88 B. 
M. Higher energy states unli- 


kely 


[FeF,P— S state. Spin only moment 
of 5.9 B. M. 


[Ni( H,0),F + Spin only moment of 2.83 
B.M. but confign. de® dy? will 
lead to orbital contribution 
which decreases as ligand field 
strength increases. 


Very slightly distorted 


octahedron [Ti( H,0,) s+ Orbital magnetism expected 


giving a moment in excess of 
1.73 B. M 


[\ (H,0), a+ Orbital magnetism expected 
giving a moment in excess of 
2.383 B. M 


(Co( H,0), 7 + Orbital magnetism expected 
giving a moment in excess of 
3.88 B. M 


Square Planar or Te- 


tragonal d,* dy' Spin only moment of 4.90 


expected; significant contri- 
bution from the higher d,* 
d-+* state wmprobable 


[Cu(H,0), + Spin only moment of 1.73 
B.M. but confign. d 2” dy will 
lead to orbital contribution. 

(Cu(NH,),F + This decreases with. increa- 
sing strength of ligand field. 
Change from square to te- 
tragonal probably decreases 
orbital contribution. 


® a 
Regular Tetrahedral (FeO, Spin only moment of 2.83 B.M 


S State. Spin only moment 


[FeCl] 
of 5.9 B.M 


Spin only moment of 3.88 
B.M. but significant orbital 
contribn. could arise from 
higher energy state d y* d -*‘ or 


from partial use of 4p orbi- 
tals e. g. dy‘ d e p) 


}CoCl, 
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It must be emphasised that the electron configurations listed as 
favouring tetrahedral arrangements refer to regular tetrahedra, and furt- 
hermore the tables refer to situations where no other constraining forces 
such as steric phenomena or lattice effects interfere with the expected ste- 
reochemistry. It has been pointed out by Dr Venanzi in another lecture at 
this Conference that Ni’ can form a few tetrahedral complexes such as 
ViCl, « 2 Ph,P but in view of the electrical asymmetry of the d -<* sub-shell 
one expects considerable Jahn-Teller distortion. This distortion will be pa- 
ralleled by removal of the degeneracy of the d- orbitals and hence a marked 
quenching of the orbital contribution to the magnetic moment; for spin 
only this should be 2.83 BM. The value is, in fact. approximately 3.1 
3.2 BM. Ligand field theory suggests that only under forced conditions 
would one expect to obtain a regular tetrahedral nickel complex and if this 
occurs a large magnetic moment is expected. Circumstances favouring this 


occur when one replaces ions in glasses with Ni“ and indeed tetrahedral 
{NiO,] groups in glasses have been reported by Professor Wey [12]. These 


glasses have susceptibilities which indicate a magnetic moment for the Ni 
atom in the region of 3.8 — 3.9 BM in general agreement with what is execp- 
ted from ligand field theory. (See also Reference [17]). 

Orbital Magnetism and Stereochemistry. In Tables V the extent to 
which orbital magnetism is expected in spin-free complexes is summarised 
for various stereochemical arrangements. An analysis of this table re- 
veals that in spin-free complexes orbital magnetism is expected only when 
a compound has 1, 2, 4 or 5 d, electrons. Octahedral complexes of each of 
these types are known (d -', d.*, d-* d,*, d-° d,*), but only in one case. 
namely d-5 d.* are two different stereochemical arrangements expected 
for the same number of d electrons. This is exemplified by the octahedral 
(d -° d,*) and tetrahedral (d ,‘ d .*) complexes of bivalent cobalt. In this in- 
stance the orbital magnetism is a useful guide to stereochemistry. The octa- 
hedral complexes usually have moments in the range 4.8-5.2 B.M. as di- 
scussed earlier whereas the tetrahedral complexes are in the range 4.3.-4 
7 B. M. In Table V it shou'd be mentioned that higher states contribute 
via spin-orbit coupling. 

Finally we consider the case of spin paired complexes. Strictly speak- 
ing one should not now talk of an «orbital» contribution but in one case 
at least there is an empirical correlation between stereochemistry and mag- 
netic moment which has proven useful and which can be given theoreti- 
cal basis. In spin-paired Co (JJ) complexes we find [13] that the four-cova- 
lent square compounds have moments in the range 2.1-2.9 B. M. whereas 
for the six-covalent (presumably tetragonal) compounds the moment is 
usually 1.8-1.9 B.M. Reference to Figure III shows that in the tetragonal 
complex the d,? orbital is considerably higher in energy in the tetragonal 
complexes than it is in the square planar ones. Now if the ground state in 
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each case be taken as d ,° d', then we recognize that higher states probably 
contribute to the actual state of the molecule. The first upper state likely 


to be important is that involving promotion of one of the de electrons to the 


TaBLe VI Stereochemistry, electronic configurat und magnetism in strong field or s; 
paired complexes (Only d*, d°, d*, d’ and d* considered). 


Configuration 
P Unpaired 
Stcreochemistry lavouring x ee etic BHehaviour ke xpect 
Klectrons 
this shape 


Perfect Octahedron 


‘lightiv distor Vome decreuse 


| octahedror tow urds 7eTo " 
coupling constant incres 
indjor temperature falls 


words Ok 


Moment decreases from 2.74 
B.M. toward spin only valu 
of 1.73 as spin orbit coupling 
constant increases and/ or as 
temperature falls toward 


O°k 


Squere Planar }.* ds Cali protopos Not vestignied by Kotani 

tradonal ; phyrin (square); The closer the shape approe 
f (NO, " ‘ che octahedron the closer 
tetrau« ? the moment should approach 
1.73 BM since confgn, d _* d y' 
is expected to hold. For squa- 
re complexes the contribution 
from d_-* dy* should increase 
giving large orbital contribn 


which presumably decreases 


ms spin-orbit coupling increa 
ses and, or temperture ip 


proaches O°k 


Diaumagnet ic 


Regular Tetruhedral d+ ‘ Diamagnetic or nearly so 


d, 


ves a d, shell which is once more capable of orbital degeneracy hence 


» orbital to give the configuration d ,° d*,,. Now this configuration invol- 


orbital magnetism. This upper state is also more likely to be present in the 
square complexes than in the tetragonal ones because the energy separation 
of the d,? orbital from the d,_ levels is smaller in this case than with th 
tetragonal complexes. This offers at least a feasible explanation ofr the 
moments observed and gives us some degree of confidence in using the 
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moment to indicate whether the spin-paired Co(/J) complex (and other 
d’ spin-paired complexes) are square or tetragonal. 

It is important to emphasise that the Kotani theory applies only to 
perfect octahedral complexes of the type [M L,]"*. No account is taken of 
deviations from ideality caused by other ions in the lattice and it cannot 
be expected to hold for complexes. with more than one type of ligand atta- 
ched to the metal e. g.[M A,B,]"*. The extent to which deviations occur can 
be obtained by studying the susceptibilities of a large number of comple- 
xes over a range of temperature. Examples of deviations include Jr F, (d ¢*) 
the moment of which is a good deal less than 3.88 B. M. (In fact 3.3. B. M.). 
We can look forward to a better understanding of these magnetic moments 
when more experimental data are available to assist the theoretical workers. 
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Summary: The study of line widths, spin-lattice relaxation times, and chemical shifts 
can give important information in the field of coordination compounds. The principles 
which underly these effects are briefly outlined, and illustrative examples are given to 
indicate the usefulness of the method. It is emphasised that this potentially powerful 
method has so far hardly been applied to the study of coordination compounds. 


Nuclear magnetic resonance (n-m-r) is a relatively new branch of spec- 
troscopy which has already been applied successfully to a wide range of 
chemical problems. So far, only a small amount of work has been done on 
coordination compounds but nevertheless this promises to be a valuable 
way of studying the chemistry of these compounds. This paper attempts 
to indicate how n-m-r may be able to help in this important field of chemi- 
stry. General accounts of the theory of nuclear resonance may be found in 
reference [1]. 

An atomic nucleus with « spin » characterised by the quantum number, 
I, also possesses a magnetic moment, u, which arises from the circulation 
of electric charge associated with the rotation of the positively charged nu- 
cleus. If such a nuclear magnet is placed into a strong uniform magnetic 
field, H,, the Quantum theory permits it to occupy one of (2 7 + 1) energy 
levels, each of which corresponds to a particular allowed orientation of the 
nucleus in the magnetic field, H,. 

The energy difference between two adjacent levels, AU, is clearly de- 
pendent on the strength of the nuclear moment, p and on H,, and in 
fact we find that AU = uH,//J. If a system of nuclei in a field H, is irra- 
diated with radiation of frequency v,, such that its energy is 
(1) hy, =p H,/I, 
then transitions of the nuclei among the energy levels may be induced. The 
coefficients of stimulated emission and of absorption are the same, or in other 
words, the radiation is equally likely to tip the nucleus from an orientation 
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corresponding to a high energy level to one corresponding to a low energy 


level, as it is to tip it in the reverse direction. If the nuclei are distributed 
among the two adjacent energy levels according to a Boltzman distribu- 
tion so that the lower energy level is more populated than the upper, then a 
net absorption of energy from the radiation can occur and a nuclear reso- 
nance absorption spectrum may be observed. 

For a system of nuclei relatively isolated from one another, the absorp- 
tion spectrum would be a very sharp line at a frequency given by the expres- 
sion, (1). For protons in a field, H,, of 10° gauss, v, is approximately 42.6 
Mc/sec., so that this is a branch of radio-frequency spectroscopy. 

lhe chemical applications depend on the interactions which occur bet- 
ween the nuclear moments when their atoms are combined in chemical 
compounds, and these effects cause the n-m-r spectrum to be more compli- 
cated than a single line. 

\ magnetic nucleus sets up in its environment a weak additional ma- 
gnetic field with a component along H, which may be represented as H,,,. . 
Che additional #/,.. increases or decreases //, slightly according to the mo- 
mentary orientation adopted by the nucleus producing it, and in a rigid 
crystal a given nucleus experiences a resultant field (// x H,... ), the sum- 
mation being over all other neighbouring nuclei. The effect of this is to broa- 
den the absorption line. The closer nuclei are together, the bigger the value 
of H,,,. and the broader the absorption line. Furthermore, simple configu- 
rations of nuclei often give absorption lines of characteristic shape. So in 
this way, the arrangement and inter-nuclear distances of the atoms in a 
crystal can sometimes be determined [2]. 

Nuclei for which I is greater than 1% usually possess in addition to a 
magnetic dipole moment, an electric quadrupole moment which describes 
the aspherical distribution of electric charge over the nucleus. The interac- 
tion of the quadrupole moment with an electric field gradient set up by the 
electrons of the molecule can lead to a very large splitting and broadening 
of the n-m-r lines [3], but there is not time to enlarge on this important phe- 
nomenon here. 


SPIN LATTICE RELAXATION. 


A nucleus with / 4 (such as H, F, P, Tl, Pb) can change its 
orientation in H, only by interaction with fluctuating magnetic fields of 
frequency near the resonance frequency, v,, as described earlier. In the 
absence of radiation, therefore, the nuclei may not re-orient themselves 
(or change their energy levels) very frequently. The life-time of a nu- 
cleus in a given energy level is described by its «spin-lattice relaxation 
time », T,, which is a measure of the time required for a nucleus to exchange 
energy with its surroundings in the absence of applied radiation. 7, varies 
from times of the order of 10~* sec. to many hours. 
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In a liquid, the relaxation of a nucleus from one energy level or orien- 
tation in H, to another is induced by the fluctuating magnetic fields set up 
by the Brownian motion of the molecules containing the magnetic nuclei. 
The molecular motion in the liquid causes the local fields, //,,.. , generated 
by the nuclei, to fluctuate at all sorts of frequencies, and the components ol 
this spectrum of frequencies near the resonance frequency can induce tran- 
sitions of the nuclei among their energy levels, and in this way provide a 
mechanism for exchanging energy with the surroundings. The efficiency ol 
this process depends on the intensity of the tuations at the resonane 
frequency and the strength of the magneti ments producing the local 
fields. The more efficient the process, the shor will be 7,. In water, 7 
is of the order of a few seconds for the pr 

If a small number of electronically paramagnetic ions is dissolved in 
water, a dramatic reduction of 7, of the protons occurs. This is becaus 
the magnetic moment of an unpaired electron in a paramagnetic ion 1s 
of the order of 1000 times greater than that of a proton, so the fluctuating 
fields set up by the Brownian motion of the paramegnetic ion are correspor- 
dingly more intense and therefore more effective at inducing nuclear rela- 
xation. Thus the spin lattice relaxation time of the protons in water can be 
used to obtain information about paramagnetic ions or complexes dissol- 
ved in the water. 7, can be measured very quickly and elegantly by th 
spin-echo method [4]. 

By using this method, Zimmerman [5] has studied the effect of adding 
oxalic and malonic acids to solutions containing the V** ion. Conger and Sel- 


wood [6] have shown that in aqueous solutions of ions such as Fe**, Mn* 

Gd°**, which are in S states or Cr°* and Cu** for which orbital quenching 
is complete, the spin lattice relaxation times of the protons are inversely 
proportional to the square of the moment of the paramagnetic ion. lons 
with strong spin-orbit coupling such as Co**, Nd, or Dy**, on the other 
hand, are found to be much less effective at inducing spin-lattice relaxa- 


tion and so they propose this as a method of estimating the amount of spin- 
orbit coupling in a given paramagnetic ion or complex. Hickmont and Sel- 
wood [7] have used the variation of T, of the protons in aqueous solutions 
of EuCl, to study the rate of reduction of the europium ion by zinc. 


CHEMICAL SHIFTS. 


Che local megnetic fields and electric quadrupole inter-actions which 
broaden the n-m-r lines in solids as described earlier are averaged to zero if 
the molecule rotates freely enough, and in liquids and solutions these broa- 
dening mechanisms are usually completely removed and much narrower li- 
nes are observed. The centre of the line occurs at a frequency given by equa- 
tion 1, where H, is the main magnetic field actually experienced by the 
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nucleus. In a chemical compound this differs slightly from the applied ma- 


opi.» Decause the extranuclear electrons modify H,,,, so that 


gnetic field, H, 
we may write 


(2) H H 


7) appl 


(1 


The value of o varies from a few parts per million for protons, to 2% for 
compounds of cobalt, and its value depends on the chemical environment 
of the nucleus. The resulting effects on the positions of the n-m-r tines are 
known as « chemical shifts », and a study of these shifts can give important 
information about molecular structure in a wide variety of chemical com- 
pounds (1). This will be illustrated by reference to some recent work on 
cobaltic complexes [8]. 

The factor, co, can be considered as the sum of two terms of oppo- 
site sign, a diamagnetic term and a « temperature-independent paramagne- 
tism ». The diamagnetic term arises from the diamagnetic moments indu- 
ced in the electron clouds by the application of the applied field, H,,,,. The 

temperature independent paramagnetism » is also induced by the appli- 
cation of H,,,,, and can be thought of as arising from a slight distortion of 
the electronic motion equivalent to a partial uncoupling of some paired 
electrons. This distortion can be expressed as an admixture of excited sta- 
te wave-functions with those which normally describe the ground state of 
the molecule. 

In octahedral complexes [9] of Co**, the 3d electrons are mainly re- 
sponsible for the «temperature independent » paramagnetism. In the 
ground state, the octahedral electric field produced by the ligands splits 
the 3d orbitals into a triply degenerate set of /,, symmetry and a doublet of 
,: Lhe ground state electron distribution of the cobaltic ion in 
these complexes is therefore as shown in Fig. la. The first excited states cor- 
respond to the excitation of one electron to the e, orbitals, and has the con- 
figuration (/,,)°, (e,)’, Fig. 10. 


symmetry e 


(e9)° 


The excitation energy, A E, corresponds to the transitions which are respon- 
sible for the visible spectra of these complexes [10]. 

When the molecule is placed in H,,,,, the electron distribution is di- 
storted and must be described as a mixture of the two states in fig. 1, and 
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it turns out that the induced contribution of the excited state is proportio- 
nal to 1/A E. [8] The chemical shift term, c,, for the jth. of a series of com- 
plexes with different ligands, may therefore be written 
A,—B,/AE,. 

A, is the diamagnetic term and is nearly constant for all complexes of the 
cobaltic ion, because its value is largely determined by the closed shell elec- 
trons. B, varies only slightly from one complex to another and can be ap- 
proximated as a constant, for these purposes, so that 


B/AE 


Now 1/AE, is equal to’,, the wavelength of the lowest frequency maxi- 
mum in the electronic spectrum, and from equation 2, we have 


‘ Away : 
(3) hv, | (1 A+ B/AE,), 


where v, is the frequency of the cobalt nuclear resonance line, in the field 
H,».- Therefore we expect that the cobalt resonance frequency will be 
proportional to the wavelength of the visible absorption band, and this is 
found to be approximately true [8]. Furthermore, from equation 3, we can 
write 


dy, i Tey B) (- l d(AE,) 
}\ (AE,) 


dT Ih dT 

so that measurement of the temperature coefficient of the nuclear resonan- 
ce frequency enables a prediction of the temperature coefficient of the 
optical absorption band. Measurements in two complexes give results in 
agreement within experimental error [8]. 


dvi/dT d AE/dT, cm —!deg—! 
c.p.s. deg— ! predicted found 


Cobalt acetylacetonate in toluene. 


Potassium cobalticyanide in water . 


These experiments illustrate the basic principles of chemical shifts 
in complex ions, but there are many qualitative applications of these effects 
For example, gallium dichloride shows two gallium nuclear resonance lines 
in the liquid state, showing that there are two chemically distinguishable 
gallium atoms in this molecule [11]. This confirms the results of Raman [12] 
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ind X-Ray measurements [13] which indicate the formula Ga™* GaCl, 

S ricl,. 4H,O shows three thallium resonance lines showing it to be a 
plex substance containing the ions T/(H,0),’°*, TICl,~, and TICI,° 
further work is required to determine their proportions. [14]. It seems 
ly that this type of nuclear resonance measurement will provide a rich 


of investigation for the inorganic chemist, but it has yet hardly been 


ELECTRON COUPLED SPIN-SPIN INTERACTION. 

he absorption line widths of certain solid thallium compounds were 
yund to be greater than can be explained by dipolar broadening as discus- 
sed above. The additional broadening was attributed by Bloembergen and 
Rowland [15] to electron-coupled nuclear spin interactions, a phenome- 
non of great importance in « high-resolution » nuclear resonance [1]. This 
interaction is transmitted through bond electrons between two nuclei, and 
for a given pair of nuclei is greater the more covalent the bond. The mean 
square widths of the 7/ resonance lines in some solid salts are given be- 
low, and there appears to be an increase with the increasing covalent cha- 
racter of the compound. This interaction occurs between two thallium 


atoms, presumably by way of the anion, showing that these substances 


have appreciable coordination between the ions or molecules in the solid. 


Mean square width, garss’ 


7 [75 7 (23 


Ticl 
TINO, 
Th H Coo) 
T Br 


Til 


his phenomenon will be studied more extensively as a measure of 
molecular interaction and complex formation. [16]. 


SPIN LATTICE RELAXATION TIMES FOR 
NUCLEI FOR wuHicH | > 1%, 


Nuclei with J > % which also possess an electric quadrupole moment 
have an additional and powerful method of spin-lattice relaxation. If the 
coordimation about the nucleus is symmetrical there is no quadrupole inte- 
raction and relaxation is determined by local field fluctuations as described 
earlier. If the coordination does not have cubic symmetry, then the nucleus 
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is coupled to some molecular axis by its quadrupole interaction and rota- 


tion of the molecule then reorients the nucleus and 7, is greatly shortened. 


Little work of this kind has yet been done, but there are strong indications 
that 7’, measurements in complex compounds may provide a sensitive mea- 
sure of the symmetry of the coordination about the ion. [17]. 
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Summary: After a brief introduction to experimental technique, some applications 
of paramagnetic resonance to problems of chemical interest are described, and are illus- 
trated by examples. The applications include: (1) measurement of the valence state of 
paramagnetic ions in crystals, including the change in valence produced by irradiation; 
(2) measurement of the structure and symmetry properties of paramagnetic complexes; 
(3) measurement of the bonding, charge transfer and electron distribution in such complexes. 


INTRODUCTION. 


The phenomenon of paramagnetic resonance was first reported by 
Zavoisky in 1945 [1]. Since then paramagnetic resonance techniques 
have been extensively used to investigate electrons in solids, and recently 
there has been considerable emphasis on chemical problems. It is the pur- 
pose of this paper to give a brief description of the method, and an account 
of some of the information of chemical interest which can be derived by 
it. Detailed reviews of the subject can be found in references [2 to 8]. 

The substances which can be investigated are limited to those which 
show electron paramagnetism, that is to say there must be atoms or ions 
present which possess unpaired electrons. The majority of measurements 
have been of transition group ions in crystals, where the paramagnetism 
arises from an unfilled d or / shell. All of the five groups have been investi- 
gated, namely iron (3d), palladium (4d), platinum (5d), rare earth (4f) and 
actinide (5f). The ions may either be present in the normal paramagnetic 
salts which they form, or may be present as impurities in a diamagnetic 
host material. There are many other types of magnetic centre in solids 
which also show paramagnetic resonance spectra. These include (i) free 
radicals, (ii) impurities other than transition group ions eg. As in Si, 
(iii) colour centres in alkali halides eg. F and V centres, (iv) defects pro- 
duced by irradiation, eg. neutron irradiated diamond, X-irradiated SiO, 
containing Al impurity. 

The information of chemical interest which can be found from the 
paramagnetic resonance spectrum includes the following: 
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1) The valence state of the paramagnetic ion can be measured, or 
more specifically the number of unpaired electrons associated with the ion. 


2) The symmetry properties and the structure of the immediate 
surroundings of the ion in the crystal can be found. 


3) The nature and strength of the bonds formed between the ion 
and its diamagnetic neighbours can be measured. In particular, it is some- 
times possible to make direct and precise measurements of the distribu- 
tion of the unpaired electrons over the paramagnetic complex. 


These points will be discussed below after an outline of the basic prin- 
ciples involved in a paramagnetic resonance experiment. 


PRINCIPLES OF PARAMAGNETIC RESONANCE 
EXPERIMENT. 


When paramagnetic atoms with electronic spin S are placed in a ma- 
gnetic field H a set of 2S + 1 Zeeman energy levels are established. These 
correspond to the allowed orientations of the magnetic moment in the 
field. Magnetic dipole transitions can be induced between adjacent levels 
by microwave radiation with magnetic vector polarized perpendicular to 
H, and with frequency v such that the quantum of high frequency energy 


equals the separation between the levels. The basic resonance condition 
is then 


(1) h vy = 98H 


where 6 is the Bohr magneton, and g is the spectroscopic splitting factor. 
For a free electron spin g = 2.0023, and for many paramagnetic ions in 
solids it is close to 2. If the wavelength (A = c/v) of the microwaves is 
expressed in centimetres, and the applied field H in kilogauss, the reso- 
nance condition (1) can be written H = 21.4/g,. Thus for the typical case 
g 2,’ = 3 cm., the resonance field is  ~Z 3.6 kilogauss. 

In a paramagnetic resonance experiment this absorption is measured 
by placing the specimen in a waveguide or cavity resonator, and detecting 
the change in transmitted or reflected power at resonance. The normal 
practice is to use a fixed wavelength 4, and a slowly variable magnetic 
field, for example, H = O to 15 kilogauss. Commonly used wavelengths 
are 0.85, 1.25 and 3.0 cm. It is straighforward to work at longer wave- 
lengths eg. 10 cm. or more, but difficult to go to very much shorter wa- 
velengths, say less than 1 mm. It is usual to superimpose a small modula- 
ting magnetic field with adjustable amplitude (eg. 50 c/s, amplitude 0 to 
100 gauss) on the steady magnetic field //, so that the absorption signal 
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ve amplified at the modulation frequency. This improves the sensiti- 

especially if narrow band amplification is used. Under favourable 
conditions it is then fairly easy to detect 10 magnetic centres with spin 
S 1/2 at room temperature. The method is thus much more sensitive 
than, for example, static susceptibility measurements, as well as being ca- 
pable of giving much more detailed information. 

rhe chief quantities which are measured in the experiment are (i) 


the positions of the absorption lines in the magnetic field; (ii) the varia- 


tion in these positions when the crystal is rotated with respect to the field; 
(iii) the line widths, shapes and intensities; (iv) the variation of all these 


quantities with temperature. 
VALENCE STATE OF PARAMAGNETIC ION. 


The paramagnetic resonance spectrum gives detailed information 
about the ground state of the paramagnetic ion in the crystal. It is then 
usually possible to estimate, among other things, the number of unpaired 
elctrons associated with the ion. This may involve quite a complicated 
calculation, but can be illustrated in a simple way as follows. 

There are 2 S transitions between 2 S + 1 Zeeman levels, where S is 
the effective spin. These transitions coincide in magnetic field if the level 
spacings are equal. In general however if the orbital magnetic moment of 
the electrons is appreciable, and if the surroundings of the ion in the cry- 
stal have lower than cubic symmetry, the spacings are not equal. Then 2S 
resonance lines are resolved separately, which in a simple case means that 
there are 2S unpaired electrons associated with the magnetic centre. 

This property is often useful for measuring the valence states of para- 
magnetic ions present in small concentrations in diamagnetic substances, 
where other methods such as magnetic susceptibility measurements are 
too insensitive. Some examples measured by paramagnetic resonance are 


given below. 


Refe 


rence 


Substitutional 
Host Material Ions formed 


impurity 


Fy ] _—_ 
Cr, Mn, Co, Ni irradiation 
Nd U, ak Ne *, UF* 
r, Mn, Fe, Co Cri+, Mn*+, Fe + (2), Co®* 
Mn, Fe, Co Znk, Cet, Mn? +t, Fett, Co** 
K,MoCl, K,1nCl,2H,O Mo® * (green) 
Mo® * (pink) 
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For most of these examples the ions have the charge which would be 
expected. An exception is Fe* and other impurities in NaF. For this case it 
is found [9] [17] that the number of ions in this monovalent state can be 
increased by X- or y-irradiation, and are transformed into divalent ions 
by heat treatment. In the example concerning molybdenum it is found [13] 
that mixed Mo: In crystals grow with regions of different colour. The green 


parts show a magnetic resonance spectrum corresponding to Mo** with 


one unpaired electron, and the pink parts to Mo** with three unpaired 
electrons. 

\ rather similar application of paramagnetic resonance is to investi- 
gate whether ions of the actinide group in solids have unpaired 5/ elec- 
trons or 6d electrons. So far, the measurements havé confirmed estimates 


made from other data that these electrons are in a 5/ shell. 


SYMMETRY AND STRUCTURE OF COMPLEX. 


The directional properties of the spectrum when the crystal is rotated 
in the applied .magnetic field give information about the symmetry and 
structure of the paramagnetic complex. A simple example is a copper Tut- 
and the ion is Cu** 


+ 


ton salt. Here the complex is octahedral [Cu(//,0),] © 
with configuration 3d* and one unpaired electron. If the octahedronis elon- 
gated so that two of the water molecules are further from the Cu** ion 
than the other four, then the spectrum shows axial symmetry and the 


g-values are 
(2) ] 8 AA, g, 2 /A 


If the octahedron is compressed so that two of the molecules are closer 


than the other four, 
(3) Jy 9, ‘ 6 +/A 


In these expressions the term in A/A represents the orbital contribu- 
tion to the magnetic moment, A being the (negative) spin orbit coupling 
coefficient, and A being the separation between the lowest energy levels and 
the next highest set of levels. A is directly related to the strength of the cry- 
stalline electric field, so that measurement of 1/A can give information 
about the crystal field strength and hence about the stability of the com- 
plex. For finding the shape of the complex, however, it is not necessary to 
know these quantities since a spectrum described by (2) is easily distingui- 


shed from one described by (3). 
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\ few examples of this kind of application of paramagnetic reson- 


nance are given in the table below. 


Structure 


flattened octahedron 


f ) ) f 
SO4)2 6,0 ongated octahedron 


6H,O é‘ ' 4 flattened octahedron 
regular octahedron 


ngated tetrahedron 


For the first two examples (Tutton salts) the spectrum shows that the 
symmetry is only very approximately axial, and that there are also rhom- 
bic distortions present. 

In general, it may be said that the paramagnetic resonance method 
provides an extremely sensitive way of measuring symmetry properties 
and detecting distortions, but it is usually difficult to make quantitative 


estimates of the size of such distortions. 


3,ONDS AND ELECTRON DISTRIBUTION. 


One of the most interesting chemical applications of paramagnetic re- 
sonance is the measurement of the distribution of the unpaired electrons over 
the paramagnetic complex. The first application of this kind was to the 


complex [/rCl,|*—. Here the single unpaired electron belonging to the Ir** 


ion is distributed over the whole complexe in x-antibonding molecular 
orbitals. Each Cl nucleus (/ 3/2 for 35, 37Cl) then causes a hyperfine split- 
ting of each line in the paramagnetic resonance spectrum into 2/ + 1 f 
components. The separation between adjacent components is 


(4) AH =p A cos 6 


where p is the probability of finding the unpaired electron in a px-orbit on 
Cl, 6 is the angle between the applied magnetic field and the Jr-Cl direc- 
tion, and 3A is the hyperfine structure constant for the ground state of a 
free Cl atcm. The measured splitting gives p ~ 5 %, so that the unpaired 
electron spin is approximately 70 % on the central iridium ion, and 30 % 
on the six attached chlorine ions. 

An example where a similar hyperfine structure arises because of 
o- bonding, is provided by the iron group fluorides, eg. [MnF,]*~. Each 
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F nucleus with nuclear spin / ly, causes a splitting of the resonance lines 
into two components with separation 


(5) ‘ ' PA, (3 cos* 6 1) 


p, and p, are the probabilites of finding an unpaired electron in s o1 
p orbits respectively on a fluorine atom. These are the two orbits on F 
which are used to form o-bonds with the d-orbits on the central atom. 
A, and A, (3 cos? 6— 1) are the corresponding hyperfine structure when 
a single unpaired electron occupies one of these orbits. Since s-electrons give 
a large isotropic hyperfine structure, A, is much greater than A,, even if 
equal amounts of s and p orbit are used when making the o bond. 

Some results of measurements of this kind are summarised in the ta- 
ble below. The symbol p denotes the probability of finding the unpaired 
electrons on any one of the attached ions of the complex. Only the bonding 
responsible for the transfer of these unpaired electrons is given. 

transfer 


Substance Configuration ol ex Bond Reference 
p 


Mn in ZnF, 3d® [MnF,}* 
Fe in ZnF, 3d* | FeF,}* 
(NH,), Ni (SOg. 6H,O 3d* | Ni( H,0), 
K,[In, Ru, Cl,j2H,O 4d* [| Rut 
(NH,),|/r, Pt, Cl,| 5d* [ircl 
Na,|/r, Pt, Br,j6H,O 5d* |irBr 
Mn in CaF, 3d* [MnF, 


In the discussion above only cases where the attached ions of the com- 


plex have a nucleus with non-zero spin have been considered. The amount 
of charge transfer can also be estimated in other ways from the paramagne- 


tic resonance spectrum. For example, this can sometimes be done from the 
and sometimes from the size of the 


+ 


measured g-value as in [Ni (H,0),]° 
hyperfine structure due to the nucleus of the central ion. 

The results of these measurements show that with a given type of 
bond and complex, the electron transfer and bond strength increases as 
the unpaired electrons are changed from 3d to 4d to 5d, or from 4/ to 5/. 
This is expected because of the increasing radius of the electron orbits. Si- 
milarly, for a given type of central ion the bonds to different ligands can 
be directly compared. For example, the same charge transfer is found in 
[IrCl,}*~ and [/rBr,}*~—. It would be difficult to make quantitative estimates 
of these effects by any other method. 
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CONCLUSION. 


[he paramagnetic resonance method is limited in its applications. 


It can only be used on paramagnetic ions or complexes, and even then it is 
sometimes not possible-to observe a resonance spectrum. The most informa- 
tion is usually gained when the specimen is magnetically dilute with the 
magnetic ions non-interacting. However, when a well resolved spectrum 
can be found, the method is unique in the detailed information which it 
gives about the electronic structure of the magnetic centre. It seems certain 
that it will continue to be used in the investigation of suitable chemical 
problems for many years to come. 
It is a pleasure to thank the General Electric Research Laboratory, 
henectady, for the support given to the author’s programme of research 
paramagnetic resonance in the Clarendon Laboratory, Oxford. 
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Neue Untersuchungen an komplexen Fluoriden 


RUDOLF HOPPE 


Anorganisch-Chemisches Institut der Universitat Minster - Deutschland 


Zusammenfassung: Darstellung und Eigenschaften der Verbindungen MeMnF, 
(Me = Mg, Ca, Sr, Ba) und MePbF, (Me = Ca, Sr, Ba) werden besprochen. Diese verhalten 
sich weitgehend analog zu den entsprechenden Alkaliverbindungen. Die bei cinigen dieser 
neuen Verbindungen beobachteten Unterschiede in den Strukturbauprizipien werden im 
Fluoride und Oxyde erértert. 


Rahmen einer empirischen Struktursystematik terndrer 

Bei den zahlreichen in den letzten Jahren neu dargestellten bzw. er- 
neut untersuchten komplexen Fluoriden handelt es sich im wesentlichen 
um Alkali-Fluorometallate. Hier wird tiber Untersuchungen an einigen 
bislang unbekannten E£rdalkali-Fluorometallaten berichtet. 

Die Hexafluoromanganate(IV) MeMnF, (Me Ba, Sr, Ca, Mq) wur- 
den durch direkte Fluorierung geeigneter Komplexverbindungen (BaMnQ,, 
BaMnO,, SrMn0O,) oder Salzmischungen (CaCO, + MnSO,; MgCo, 
MnSO,) hergestellt. Sie sehen gelb bis heligelb aus und gleichen den 
entsprechenden Alkalihexafluoromanganaten([V) auch beziiglich ihrer 
Empfindichkeit gegen Wasser, mit dem Hydrolyse eintritt. 

Analog wurden auch die Haxafluoroplumbate(IV) MePbF,(Me = Ba, 
Sr. Ca) durch direkte Fluorierung (von BaPbO, und SrPbO, bzw. CaCo, 
+ PbO) dargestelit. Sie gleichen ebenfalls weitgehend den entsprechen- 
den Alkaliverbindungen, denn sie sind farblos, und mit Wasser bzw. 
Luftfeuchtigkeit tritt schnell Hydrolyse ein, wobei sie sich nach braun ver- 
farben. 

Besonders interessant sind die Ergebnisse der réntgenographischen 
Untersuchungen. (Vgl. Tab. 1). Obwohl es noch nicht gelang, Einkristalle 
dieser Verbindungen herzustellen, konnten alle Debyeogramme indiziert 
und durch die gute Ubereinstimmung zwischen berechneten und beoba- 
chteten Intensitaten die entsprechenden Strukturvorschlage gestiitzt wer- 
den. 

Eine eingehende Diskussion der Kristallstrukturen aller bislang un- 
tersuchten Fluorometallate zeigt, dass es zur Zeit noch nicht médglich ist, 
eine Struktursystematik dieser Verbindungen zu entwickeln, die theore- 
tisch begriindet ist und zutreffende Voraussagen tiber die Kristallstruktur 
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TABELLE 


Gitterkonstanten der Verbindungen M Mn!’F, und MePb!’F, 


Gitterkonstanten 


(in A) Bemerkungen 


hex. Aufstellung 


hex. Aufstellung 
(wahrscheinlich ist c-Achse zu 


verdoppeln) 


Ca*+ und Pb*+ gesetzmiassig 


verteilt 


ABB. 1. 
Struktursystematik terndrer Floride Me, MF , 


(Koordinationszahl von M Z) 


— r(Me) und Oxydationsstufe von M 
r(M) und Oxydationsstufe von Me a 
Einzelne F-lonen und isolierte Ih keine isolierten 
Komplexionen im Gitter erkennbar 
(NH), (Si fF) ! BaUF, (LaF, - Typ) 
isolierte lIb keine isolierten 
Komplexionen im Gitter erkennbar 
Beispiele: KRuf, 
K,PIF, 
K,FeF, 
BaMnF,, SrMnF, CaMnF,, MgMnF, (VF,;- Typ) 
BaPbF, (SrPbF, 2) CaPbF, (ReO,- Typ) 
vernetzte Illb keine 


Komplexionen im Gitter erkennbar 
Bespiele: 
zwei- 


! dimensional 
| 


KMgF,  drei- ' vernetzt 


a-KCeF, (CaF, - Typ) 
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noch unbekannter Verbindungen zu machen gestattet. Diskutiert man 
jedoch nicht die Strukturen im einzelnen, sondern beschrankt sich auf die 
Struktur-Bauprinzipien, so ist es méglich, eine empirische Struktursyste 
matik dieser ternéren Fluoride zu entwickeln. (Vgl. Abb. 1). Alle struktu- 
rell bekannten Alkalihexafluorometallate der Ubergangsmetalle gchéren 
der Strukturgruppe Ila (Vgl. Abb. 1) an, | der stets im Kristallgitter 
isolierte, miteinander nicht vernetzte Fluorometallat-Anionen deutlich 
zu erkennen sind. Das ist bei den oben beschriebenen Erdalkali-bzw. 
Magnesiumverbindungen MeMnF, und MePbF, nicht stets der Fall 

BaMnF, und SrMnF, kristallisieren beide im BaGeF,-Typ, der noch 
zur Strukturgruppe Ila gehdért, da hier im Gitter isolierte |MnF,}?~ Okta- 
eder zu erkennen sind. Dagegen kristallisieren CaMnF, und MgMnFk, 
beide im VF,-Typ. Die Intensitatsrechnung, die beim CaMni*, wegen 
des nahezu gleichen Streuvermégens der Ci und Mit lonen nicht 
zu entscheiden gestattet, ob diese lonen statistisch oder gesetzmassig auf 
die V*"-Gitterplatze verteilt sind, zeigt beim MgMnF,, dass hier die Mg?" 
und Mn‘ lonen wahrscheinlich statistisch verteilt sind. Diese Verbin- 
dungen sind die ersten bekannten Vertrete: r Strukturgruppe I1d, in der 
trotz « giinstiger » stéchiometrischer Zusammensetzung nicht mehr isolierte 
Komplexionen vorliegen; die « Kationen» (Mg bzw. Ca) und die « Zen- 
tralionen » konkurieren nahezu-oder praktisch gleich stark um die Fluor- 
teilchen. Ganz Ahnlich liegen die Verhaltnisse bei den Hexafluoroplum- 
baten(IV) der Erdalkalimetalle. Auch hier gehért das im BaGeF,-Typ 
kristallisierende BaPbF, zur Strukturgruppe Ila. Das Calciumsalz CaPbF, 
dagegen kristallisiert nach unseren Befunden in einer Uberstruktur des 
R.O,-Typs mit gesetzmassiger Verteilung der Ca? und Pb" lonen 
Hier sind beide lonensorten in gleicher Weise in das Fluorionen - Grund- 
geriist eingebaut. SrPbF, nimmt offensichtlich eine Mittelstellung ein. 
Nach unserem Strukturvorschlag liegt hier e eindimensionale Verkniip- 
fung oktaedrisch gebauter Komplexionen iiber gemeinsame /-Liganden 
vor. 

Mit der Untersuchung von komplexen Fluoriden, die zu der Struktur- 
gruppe IIla gehéren, also eine ein-oder mehrdimensionale Vernetzung der 


Komplexe aufweisen, sind wir zur Zeit beschafiigt (KGak,, AInF,). 
Ganz Ahnliche Uberlegungen lassen sich auf die Struktursystematik 


ternérer Oxyde iibertragen. Die von uns untersuchten Verbindungen 
LilnO, und NaInO, sind bislang unbekannte Vertreter der Strukturgrup- 
pen Illa bzw. IIIb. NaJInO, kristallisiert wie NaFeO, im NaHk,—Typ 
(mit zweidimensionaler Verkniipfung der komplexen Anionen), Lil/nO, 
dagegen (wie a-LiFeO,) in einem tetragonal verzerrten NaCl-Gitter mit 
gesetzmassiger Verteilung der Li* — und Jn** — Ionen, 
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DISKUSSION 


Sharpe (Cambridge) — Does the fact that MgMnF, has the VF, structure really prove that 
the units in the structure are Mg*+ and Mn‘+ (which is unknown except in MnO,) and F—-? 

Mg*+ and Mn*+ would have really the same size, and it seems to me that the possesion 
of the VF, structure or a very slightly distorted VF, structure is not incompatible with the for 
mulation Mg*+ MnF,*—; the X-ray data tell us where the atoms are, but we have to infer 
the nature of the bonding 


Schwarzenbach (Zirich) — From crystal structure analysis we get a geometrical information 
only. All the fluorides described by Dr. Hoppe actually are complexes in so far, as the heavy 
metal will not be a nacked ion inside the crystal lattice. These compounds certainly are not salt 
like. MgMnF, perhaps should be called a polynuclear complex in distinction with BaMnF, 
which is a mononuclear complex 


Hoppe Fir die empirische Struktursystematik ternarer Fluoride bzw. Oxyde (vgl. Abb. 
1) wurden die Begriffe Komplexverbindung und Doppelverbindung hier in einem engen, rein 
kristall-geometrischem Sinn gebraucht. Ein Doppelfluorid liegt dann vor, wenn die Me- und M 
Teilchen eines ternaren Fluorides Men MF zgeometrisch Aquivalente Positionen im Gitter be 
setzen (meist in statistischer Verteilung). Uber die Bindungsverhaltnisse ist damit keine Aussage 
verbunden, und es ist durch aus méglich, Verbindung:n, die hier nach ihrer Struktur als Doppel- 


fluorid eingeordnet wurden, als Komplexverbindung zu bezeichnen, wenn man mit dem Wort 
« Komplexverbindung » keine spezielle Aussage ber die Geometrie des Kristallgitters verbin- 
den, sondern das allgemeine chemische und physikalische Verhalten charakterisieren will. 


On the erystal and molecular structure 


of Ni-”’ tren” (SCN) 
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SVEND ERIK RASMUSSEN 


Chemistry Department A, Technical University of Denmark, Copenhagen, Denmark 


Summary: A preliminary structure is suggest for Ni-” tren” SCN, on the basis 


of the tree-dimensional Patterson function. According to this the nickel ion is surrounded 


octahedrally by six atoms at a distance of two 


2, 2’, 2''-triamino-triethylamine usually abbreviated as « tren » forms 
complexes with numerous metal ions. The structures of these compounds 
have been the subject of many discussions. Cox and Webster (1935) 
determined unit cell dimensions and space groups of Ni-« tren » (SCN), 
and Ni-« tren » SO,, 7H,0. 

The following results have been tound by the present author for 
Ni-« tren » (SCN), from oscillation, rotation and Weissenberg diagrams 


round the b-and c-axes using Cu Ka radiation: 


Orthorhombic, space group No. 19 P2,2,2, (D3) 
a 11.0 Ab 14.8 A c = 8.62 A 


in agreement with Cox and Webster (1935). 


Multiple film technique was employed. Intensities of X-ray reflections 
were estimated visually using an intensity scale constructed by exposing 
different parts of a film to an X-ray reflection from the crystal for regularly 
increasing intervals of time. The following reflections were measured 
hko — hk3, hol — h6l. The intensities were converted into relative F* values 
using Cochran’s chart (1949) and correlated with each other. 

An approximately absolute scale was established using Wilson’s sta- 
tistical method (1942) which also yields an average temperature factor. 

A solution of the structure was first attempted from Fourier-projec- 
tions along the three principal axes. 

The signs of the terms in the Fourier series have been obtained both 
from interpretation of the Patterson-Harker cuts and from Harker-Kasper 
inequalities (1948) and sign relationships (Cochran Zachariasen 1952). The 
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signs obtained by the different methods agree well. Overlapping from 
neighbouring atoms obscures the projections. 

lherefore the full three dimensional Patterson function was evalua- 
ted. The vector convergence method (Beevers and Robertson 1950) was 
applied to unravel the Patterson function using the nickel ion as searcher 
atom. Not all the atoms showed up in the vector convergence function, 
but it shows clearly that the nickel ion is surrounded octahedrally by six 
atoms at a distance of two A. 

From this one may conclude that the four nitrogen atoms from the 
tren » molecule are coordinated to the nickel ion, occupying the four 
corners of an octahedron, while the thiocyanate ions occupy cis positions 
in the octahedron, and are coordinated to nickel by the nitrogen atoms. 
The atoms Ni — N — C — S are not colinear. 


Refinement of the structure is in progress. 
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DISCUSSIONS 


Venanzi (Oxford) —- The complex Ni (salcylaldeyde),, referred to by dr. Sharpe, is claimed to 
be paramagnetic by Curtiss et. al., but they do not give the proof. Moreover the above complex, 
and 


the analogous zinc compound, with which it is claimed to be isomorphous, were not fully 
dehydrated. In addition one should not be too sure that the zinc complex is tetrahedral. 


Rasmussen Zine complexes are very often of octahedral configuration, even in com 
pounds where a tetrahedral configuration could easily be obtained. Isomorphy between Ni and Zn 
compounds tells nothing about the structure if not a full structure determination is carried out. 


An X-ray structural investigation of the diamagnetic 


form of bis- N - methylsalicylaldiminenickel (Il) 


EDOARDO FRASSON e& LUIGI SACCONI 


Centro di Strutturistica chimica del CNR, Padova 
Istituto di Chimica generale dell’Universita di Palermo Italia 


Summary: The complex bis-N-methylsalicylaidiminenickel (II) is the first member 
of the series of bis-N-alkylcomplexes which have sual properties. This complex, 
which despite its green colour, is diamagnetic in the solid state, becomes paramagnetic 
in solution of organic solvents, even nonpolar ones, and the molten state. Its diamagne- 
tism, therefore, appears to be characteristic of the solid state. This complex, when heated 
to temperatures above 170°, goes over to a paramagnetic form with a magnetic moment 
corresponding to that of two unpaired electrons 

rhe X-ray structural study, done by using CuK _ radiation, has led to the assignment 
of space group P2)/c. From the volume of the unit « ithe density it was found that 
there are two molecules per unit cell with the nickel atoms placed at the centres of sym- 


1 
metry of the unit cell and precisely in the positions 00 i0 — -. with the result that 


the molecule is centrosymmetrical. From the dimensior f the unit cell the Ni-Ni distance 
is found to be 5.32 A This appears to exclude the hypot sis that the diamagnetism of 
the solid complex is due to coupling of spins between neighbouring atoms 

A Fourier synthesis: has also shown that the plane of the molecule is almost parallel 
to the 010 plane of the crystal. 


INTRODUCTION. 


The complex bis-N-methylsalicylaldiminenickel (II) is the _ first 
member of the series of bis-N-alkylcomplexes which have unusual pro- 
perties. 

This complex, which despite its green colour, is diamagnetic in the 
solid state, becomes paramagnetic in solution of organic solvents, even 
non-polar ones, and in the molten state. Its diamagnetism, therefore, 
appears to be characteristic of the solid state. This complex, when heated 
to temperatures above 170°, goes over to a paramagnetic form with a 
magnetic moment corresponding to that of two unpaired electrons. 


EXPERIMENTAL PART. 


The structural investigation has been done using Cuk, radiations. 
By the examination of the geometry of the diffractions obtained in « Pre 
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ession » camera, the crystal resulted to belong to the space group P, l/c 
with the following lattice constants: 

a 11,94 A 

b 7,00 A 

( 8,30 A 


rs 
4 


7) 
The number of molecules in cell is Z 
Picnometric density 


Roentgenographic determined density 


r 


~——- 
fo, 
{ fe oo 
nS 


~. 


— 
~ 


Bia- & melbyi ~ salicyleidiminenichel rrojection on (010) 


Owing to the presence of only two molecules in the elementary cell it 


was necessary to locate the two Ni atoms in the position 000 and 0 a 
therefore in crystalgraphic symmetry centres, by which the entire molecu- 
le is centrosymmetric in respect of Ni and consequently plan. 

Succesively, in order to obtain further information of the organic 
part of the molecule, it was necessary to determine the intensity of re- 
flection, at this purpose Weissenberg photograms have been taken with 
bidimensional integration of the diffractions and with the multiple film 
technique on the three fundamental plans of the cell. 

Intensities have been measured by galvanometric readings of the in- 


tegrated diffractions in photometer. Owing to the flat shape of crystal, 
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the absorbtion power may reach up to values not to be neglected, notwith- 
standing the low absorbtion coefficient. By this purpose, the intensities 
obtained on the two intended plans have been corrected with a factor 
calculated by integration with graphic method. 


Bis-N-methyl-salicylaldiminenicke! projection on (100) 


The projection of electronic density on the fundamental plans of 
the crystal present, in all three the cases a molecular formation similar 
to the one which would be expected by chemical consideration. The com- 
parison of structure factors, calculated and observed brought to a reliabi- 


lity index: 


SIF! 


R = 0.18 


EDOARDO -FRASSON, LUIGI SACCONI 


CONCLUSION. 


The molecules lie fundamentally on plan (010) represented on (fig. 1) 
with an inclination of 12° respect to axe c. (see fig. 2). By projection (001) 
it results that atoms C, of opposed benzenic rings lie at 0 of y for the 


l : 
first molecule, respectively - of y for the second with an apart of these 


ilues of the order of a hundredth of parameter. 

The bonds distance are similar to those noted by Merritt, Guare, 
Lessor in the structure of Ni-salicylaldoxime. Differently to the structure 
of the complex of Ni-with the dymethyiglioxime determinated by Go- 
dycki and Rundle in which intermolecular bonds exist between metallic 
itoms of A 3.45, in this structure it is possible to exclude presence of 
bonds of this type because the distance between metallic atoms of adjacent 
molecules of A »,02. Thus may exclude the hypothesis that diamagn- 
etism of the solid complex is due to coupling of spin between close atoms. 
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Crystal structure of NiBr,.2P(C,H.), and pre- 
liminary X-ray data on Ni(NO.) -2P(C,H). 
and NiBr.-2P(C.H_) 


VLADIMIRO SCATTI 


Centro di Strutturistica Chim« 


Istituto di Chimica Generak 


Summary: The complex compound NiBr X-Ray 


ra on method. The crystals are monocli rameters, 


mic distances and bond angles are g 


e-planar 
, in agreement with its diamagnetism 


ment 
Preliminary X-Ray determinations mad 


might 


; 


iken as indicating a tetrahedral structurs 


We have investigated by X-ray meth 
NiBr, + 2PEt, (,) in order to obtain a complete description of this molecule 
and a series of interatomic distances which w 
the two Ni-complexes 


is the ervstal structure ofl 


ve used in t! study of 


Vi (NO,), * 2 PEt, and NiBr, + 2 PEt. 


lhe preliminary X-ray data of the two pounds will be discussed 
at the end of this communication. 
In Table I some interesting properties 


these Ni-complexes are 
summarized. 


TABLE I. 


om pound coordinatior 


rhe following points should be enphasiz« 


1) so far no tetrahedral 
Ni structures have been unequivocally as 


ined 2) very few data 
are available on pentacoordination 3) the stereochemistry of Ni (11) 


(*) Et C,H;. 
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is easily influenced by such factors as nature of ligands, solvent and tem- 


perature. 
The X-ray analysis of NiBr,. 2 PEt, crystals allows a representation 


for the molecule as in fig. 1. 


Some measured and calculated distances and bond ang'es of this 


model are given in Table II. 


TABLE II N » * 2P(C,H;),, Measured interatomic distances and bond angles 


Atomic radii A Distance , 


Atomic Ni 
Simple covalent bond 
Tetrahedral bond 


P(CHs)s electron dif- 


fraction 


Fig. 1 and the data of Table I] indicate that the molecule is transplanar 
with covalent bonds directed according the d sp? hybridization. The P-atom 
displays its characteristic tetrahedral coordination. The distances and bond 


angles are in agreement with those given in the literature. 
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The crystal unit is formed by two NiBr,-2 PEt, molecules and is en- 
closed in a volume of 974 A*. The limits of this volume are determined 
by a monoclinic primitive cell with the following parameters 


a = 7,60 A b=11,5 Ac =13,5 A 8 = 124° 40 


The unit cell has symmetry elements of the P2,/c space group. 

It follows that the Ni-atoms are in special position (1) and the Br, 
P, C, atoms in general positions. Table ill contains the 2, y, z coordinates 
of the atoms around the 1 origin. Notice that the z-coordinates of C-atoms 
are not refined. 


TABLE III NiBr,-2PEt,, x y z coordinates. 


0.000 0 0.000 
0.274 AL 0.193 
0.033 0.17 0.079 
0.110 0.13 0.181 
0.288 0 0.200 
0.200 f 0.118 

0.019 

0.014 


0.056 0.3 0.015 


The coordinates were obtained by Fourier projection of electron den- 
sity along a, b, axes. Fig. 2 represents the (100) projection. The electron 
density projections have been obtained from Patterson and trial and error 
analyses. 

The reliability index 


R 


is 0,17 for the (100) projection and 0,25 for the (010) projection. 
Preliminary X-ray data on Ni (NO). 2 PEt, and NiBr,. 2PEts. 

The lattice parameters and space groups of the compounds which 
have been investigated, are summarized in Table IV. 

All the geometrical information has been obtained by single crystal 
measurements with Weissemberg and Precession goniometers, using Cu-K, 
and Mo-K, radiation. 
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Fic. 2. 


Since the crystals are decomposed by moisture they must be kept 


sealed in Lindeman tubes in presence of P,O,. 
It may be seen that the X-ray diffraction data to not precisely de- 


TABLE IV. 


Crystal system 


7.60A\11.5A/\13.5A 124° 40’ P2iJ/e 
monocl. 15.8 A 7.71 A 17.8 A 98e.0' 


tricl. 8.10 A| 17.8 A 29.4 A | 91° 15’! 90°.0 | 99°.5 


NiBr,2PEt, monocl 
Ceo Cy ce 


Ni (NO,), 2PEt, . 
P, o Pj 


NiBr,.2PEt, . 


2PEt,. A statistical examination of 


fine the space group of Ni(NQO,). 
Phillips Rogers 


the (hO1) and (hkO) intensities, by the N (z) test (Howells, 
1950) [1] gave the following results: 

Zone (hO1) centric distribution 

Zone (hkO) acentric distribution 
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The (hkO) acentric distribution indicates the absence of a center 
of symmetry and makes the space group Cc possible. In this case the 
Ni(NO,), 2PEt, molecule has no center of symmetry, and the Ni-atom 
could easily be tetrahedrally coordinated. 
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DISCUSSIONS 


Caglioti (Roma) - Are the crystal pleocroic ? 
Is the slight energy difference between the tetrahedral and planar forms due to the slight 
difference between the Ni-Br and NiP distances. 


Scatturin — The crystals of NiBr,. 2PEt, present a slight difference of absorption in dif- 
ferent crystallographic directions (the absorption peak for planar complexes of Ni being in 
~ 4000 A region). However, the characteristic pleocroism, as described by Dr. Powell for the Ni 
complexes with the triphenylphosphine, does not exist in the case under examination. 

The balance between planar and tetrahedral arrangements is delicately poised; small 
differences in the ligands could result in a configurational change. 


Non planar coordination in a Cu** complex 


EDOARDO FRASSON, ROBERTO ZANNETTI, RENATO BARDI 
SILVIO BEZZI, GIOVANNI GIACOMETTI 


Centro di strutturistica Chimica del CNR — Padova — Italia 


Summary: From the refined structure of the Cu-dimethilglyoxime it is evident that 
the two rings in the molecule do not lie in the same plane, forming an angle of about 28° 
between. 

The structure is therefore very different from the structure of the corresponding Ni- 
compound wich, as Godycki and Rundle showed, has two coplanar rings. 

The Ni-dimethilglyoxime structure has very short H-bond like other structures of the 
organic 4-covalent metalcomplexes. It is pointed out that the stretching of the Metal-Ni- 
trogen bonds, depending from the different Ni-Cu atomic radii, does not stretch the 
H-bond or causes a variation in O-N-Me angle, but produces a distorsion of the molecule 
and a loss of planarity of the four Cu++ covalences. This phenomena does not happen in 
the Pd and Pt complexes isomorphous with the Ni-complex. The Pd-Pt-dioximes have 
the same structure of the nichel-dioxime also if these metals have the atomic radii larger 
than Cu 

On the other the structure of Cu-dimethilglyoxime is different from the structure of 
Pd, Nt, Pt-dioximes: in these later there is an octahedral coordination of the ligands, the me- 
tal atoms beeing bonded each other: in the former the Cu-Cu bonds are not permitted 
by the steric interposition of the organic part of the molecule. 

The pyramidal structure of the Cu++-complex depends from the dp* or ds*p*—* 
(I >n >0O) ibridisation. With such an ibridisation it is possible a 15°40" shift from the pla- 
nar disposition of the orbitals and a bond force intermediate between the planar and 
tetrahedral structures. 


INTRODUCTION. 


A few years ago Bezzi, Bua and Schiavinato [1] had given notice in a 
preliminary work of the crystallographic characteristics and of some struc- 
tural characters of the complex Cu-dymethylglioxime, and later Gody- 
cki and Rundle [2] published the structure of Ni-dymethylglioxime. The 
X-ray researches have revealed very deep structural differences besides 
the crystallographic ones between the two substances. The Ni-dymethyl- 
glioxime belongs to the space group J b a m with 4 molecules in the ele- 
mentary cell. The atom of Ni is localized in crystallographic symmetry 
centers, therefore the necessary derivation of the molecular centrosym- 
metry around Ni. Moreover the molecule rests perfectly parallel to the 
plane (001). The molecular impact is such to permit the existence of a 
bond Ni-Ni of 3,45 A between the metallic atoms belonging to the over- 
set molecules. 


NON PLANAR COORDINATION IN A Cut*+ COMPLEX 


The Cu-dymethylglioxime belongs to the space Group C?, = P 2,,, 
with 4 molecules in the elementary cell and the atom of Cu is found 
in general positions. The existence of intermetallic bonds between Cu 
atoms is not possible, owing to the noticeable distance between them 
and the interposition between the overset molecules of the organic part 
of another molecules. The lack of an intermetallic bond in this structure 
accounts for the noticeable increased solubility of this complex in com- 
parison to the one derivated from the Ni. 

We have taken into examination the structure of the Cu-dymethyl- 
glioxime in order to determine exactly the parameters of the molecule 
organic part. 


EXPERIMENTAL. 


The results referred to in this comunication are drawn from exami- 
nation of several crystals collected from different crystallizations and 
submitted to X ray diffraction, under normal temperature and also even 
submitted to a very low temperature, very close to the one of liquid air. 
The diffracted intensities linearly integrated in Weissenberg’s camera, 
have been integrated in surface for photometric exploration of the diffrac- 
tion and potentiometric registration. The crystal having also a low coef- 
ficient of absorbtion, it has been deemed necessary to correct the inten- 
sity by an absorbtion factor calculated with a graphic method. From the 
experimental data the electronic density projections have been obtained 
on the three fundamental plans of the unit cell which possesses the fol- 
lowing dimensions: 

9.72 A 
16.90 A 
7.08 A 


8 = 71°30 


Owing to the noticeable overlapping of maximals due to different 
atoms in the maps of electronic density, the atomic coordinates have been 
determined by progressive closing by means of Fourier differences. 

The structure refinement has been brought up to a reliability index: 


F. | 0.13 


By this deeper examination the result was that a new fundamental 
difference exists between the two structures and also the placing of the 
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organic part of the two complex regarding the metallic atom is different. 
The two organic rings which depart from the metallic atom are not any 
longer complanary in the Cu-dymethylglioxime in which the centro-sym- 
metry of the molecule results destroyed. The plan of one of the two organic 


ye 


Fic. 1. — Cu-dimethylglyoxime: projection on (001). 


rings shows an angle of 23° with the plan of the other ring. On fig. 1. the 
electronic density projection is show on plan (001). In order to represent 
it in a complete couple of molecules, the origin of the cell coinciding with 
a symmetry centre has been set at the centre of the figure itself. 

On fig. 2. a model molecule is shown. The right hand side of the mo- 
lecule lies fundamentally parallel to the projection plan and therefore 
one can see the real bounding distances existing in the molecule itself. 
The other half of the molecule presents itself in a distorted and compres- 
sed position, this is due to the inclination respectively to its projection 
plan. 


NON PLANAR COORDINATION au? * COMPLEX 
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Fie, 2. — Molecular structure of copper-dimethyllioxime: projection on (001). 


DISCUSSION. 


The majority of the known up to date structures of Cu**-4-coordina- 
te complexes show a noticeable preference of the straight disposition of the 
bonds, most implying of hybrid orbitals dsp*. Owing to the electronic 
structure of the Cu** ione (3 d’), use of such orbitals may result at a glan- 
ce rather hortodox for the noticeable promoting energy necessary to ta- 
ke a 3d electron at a 4p level (about 420 Kceal/mole) and so deliver a or- 
bital d for the coordinate groups bounding. 

-auling [3] resolves the difficulty inferring that " There is, on the other 
hand, no loss fo energy by the copper atom caused by placing the un- 
shared electron in the third 4p orbital and using the 3d orbital for bond 
formation, inasmuch as each of the five orbitals under discussion (one 3d, 
one 4s, three 4p) is occupied either by a shared pair or by the single un- 
shared electron on either formulation (single electron in 3d with sp* bonds 
or single electron in 4p with dsp* bonds), and the interaction energy of a 
shared pair with the copper atom is the same as that of a single unshared 


electron ”’. 
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On this basis, copper prefers forming complexes of plan structure 
(orbitals strength 2,69) better than tetraedric (strengt 2,00). 

The case of complex with dymethylglioxime seemes to present an in- 
teresting intermediate position, as it refers to the orbital strength. To ex- 
plain the pyramidal structure which was found we have to admit that 


hybridization should be of the type dp*® or ds"p*~—" (con 1>n>o) in 
which use of the third orbital p projects all bonds towards direction 2. 
These orbitals are of the type 


) l-a” 


2 


P, 


For a o (n QO) the orbital strength is 2,31 and the direction of the 
maximals is: 9 = O, & = 74° 20 :[4]. The bonds get apart of plan zx y of 
an angle of 15° 40’ which is approximately the one found for our structure. 

One can see then, that by means of an hybridisation which, by the 
point of view of the promotional energy, is perfectly alike to the planar 
one, one can form a pyramidal structure in which the bonds strength is 
intermediate between the plan and the tetraedric structures. 

The reason by which in this structure one gets the pyramidal configu- 
ration is to be believed that it is tied to the fact that with it one realizes 
a shortening of about 0,1 A in the bounding of hydrogen between the two 
atoms of oxygen. 

By thys opportunity we have to point out that Cu-salicylimine has 
instead a planar structure [5] and that besides the Ni complex also the 
complexes Pd ad Pt with dymethyglioxime are planar, being atomic ra- 
dius of these two last elements greater than those of Cu. 
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DISCUSSIONS 


Venanzi (Oxford) - Which is the relative position of the molecule of complex in respect to 
the unit cell ? Is an interation possible between an oxygen of a molecule with copper of another, 
so having something — like a pentacoordination ? 


Frasson — Effectively one gets a pentacoordination, as each Cu atom finds itself between two 
atoms of oxygen of different molecules respectively apart 2,40 A and 4,68 A. By this, one has. 
a coupling of the molecules placed round the simmetry centres (fig. 1) with two boundings 
Cu-O, The structure of the Cu-dymethylglioxime is therefore characterized by the formation 
of a dimero, differently to the Ni-dymethylglioxime in which the bond Ni-Ni brings to a struc- 
ture polimero lineal type ». 
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Schmitz Du Mont ( Bern) — Die von Herrn Frasson gefundene nicht coplanare Struktur gilt 
wohl nur fiir den festen Zustand oder kann man auch annehmen dass sie im gelésten Zustand 
auch besteht ? Im letzteren Falle musste Methylathylglyoxim-kupfer in optische Antipoden zu 
spalten sein 


Frasson — Wir denken dass das Molekiil auch in Lésung cieselbe Konfiguration behalten 
kann wenn diese konfiguration aus einer starken H-Bricke stammt. Aus keinem Grunde sol] diese 
H-Bindung in Lésung gebrochen werden. 

Fir was sich auf des Methyl-athylglyoxim-kupfer bezieht, méchten wir bemerken das Me 
thyl-athylglyoxim-kupfer isomorph dem Methylathylglyoxim-nicke! ist (Cox E. G., Sharratt E. 
Wardlaw W., Webster K. C. — J. Chem. Soc. (1936) 129 ind dass dieser Komplex als planar, 
bestimmt wurde (Milone M., 10° Congr. Int. Chim. Roma, 2 (1938) 346) 


Gagarin (Frankjurt A. M.) Zuerst wird auf eine friihere roengenographische Untersu- 
chung von Pech, Polster, Rezabek in Chemicki Listy aufmerksam gemacht, die ebenfalls ge- 
zeigt hat dass Cu-dimethyl-glyoxim Komplex nicht isomer ist t den entsprechender Kom- 
plexen von Ni, Pt, Pd 

Wird gefragt ob aus der Untersuchung angenomm« \ ‘n kann dass die Bindungen 
rwischen Cu und den vier N-Atomen in allen Falk rt ngesehen werden kénnen 


Frasson Wie man aus dem Bild 2 sehen kar i die r Bindungen Cu-N gleich- 


wertig 


Structural analysis 


on the violet form of CoCl, . 2 pyridine 


ENZO FERRONI & ENRICO BONDI 


Istituto di Chimica Fisica dell’Universita di Firenze Italia 


Summary: An X-ray study has been performed by the Authors on the violet form of 
CoCl,« 2 Py 

rhe atomic parameters have been determined by means of Patterson projections and 
electron density projections on the (001) and (010) planes. 

The structural data do not agree with the preceeding interpretations. In fact the struc- 
tural analysis allows to establish that the complex is neither planar nor dimer. 

The results of this research are consistent with the definition of the compound as a 
pseudoctahedral and polinuclear complex 

Such an interpretation may explain some physico-chemical properties of the complex. 


for istance the crystal growth and the colour of the solid compound and its solutions. 


Only at the end of our communication on the structure of CoCl,*2 py 
we have known that this structure has already been carried out by J.D. 
Dunitz and published in Acta Crystallographica [1] (*). 

Examined this work we have remarked with satisfaction that our ex- 
perimental results, except marginal questions, agree with Dunitz’s data. 
Consequently on this paper it is considered a critical comparison between 
our and Dunitz’s structural data to define better the kind of the structure 
of CoCl,+2 py. 

Without relating the documentation of our data obtained by Patter- 
son's and electron density projections (already widely illustrated during 
the last international meeting) since this documentation could add nothing 
to the Dunitz’s work, we remark that our conventional discrepancy factor 
is 19,5°%. In the calculation of this factor we took into consideration also 
the smallest reflections, the intensities of which have been estimated with 
a microphotometer. 

Although Dunitz has not related to the value of the discrepancy fa- 
ctor R, we have the opinion that the structural analysis deserves the hi- 
gest importance and in this we do not agree with E.G. Cox and cowor- 
kers [2] that have carried out the previous investigations. As for the sym- 
metry of the complex, we agree with Dunitz attributing the space group 


(*) The question is kindly carried by Dott. L. M. VeNnanzi of the « Inorganic Chemistry 
Laboratory +, Oxford. 
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P 2/b, the unit cell, C centred pseudoorthorombic, having: a = 34.44, 
b = 17.36, c = 3.66 and y = 90° + 6. 

On the Table I are reported the values of the main interatomic di- 

stances and the bond angles, beeing (A) the Dunitz’s and (B) our values. 


Angle about N-C® line 


Angle Co-Co-N 


(*) calculated in reference to Pauling’s values. 


From the comparison of (A) and (B) values we can remark that: the 
value of the Co-Cl distance is, very likely, 2.48 A. As for the Co-N distance 
the ex cellent agreement between (A) and (B) suggest the value: 2.13 + 
0.01 A. 

The correlation between the Dunitz’s and our results shows only an 
slight disagreement about the tilt of the pyridine rings. In fact, our re- 
sults do not allow with Dunitz’s assumption that the pyridine rings lie 


perfectly in planes parallel to (001). In particular we find: 1) The pyridine 
rings appear tilted about N-C, line by 30° as for the (001) plane; 2) the 
Co-Co-N angle (i.e. the angle between the N-C, and the Co-Co line) appear 
to be 80°, 


On the Table II are shown the interatomic distances of the pyridine 
rings; (A) according to Pauling [3], (B) according to Dunitz’s assumption 
that the rings lie exactly parallel to the (001) plane, (C) according to 
our opinion that the rings are tilted by 30° about N-N-C, line. 


TABLE II 


From the comparison we can remark that: 

1) The Dunitz’s values are in agreement with the Pauling’s va- 
lues on the condition that the angle about N-C, line be 18°; but not with 
the value of 30° that we have calculated. Therefore, we could regard the 
pyridine rings tilted really about the N-C, line in respect on the (001) 
plane; and than the value of the angle could be, very likely, of 24°. 
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This assertion is supported: a) besides from the agreement with Pau- 
ling’s data; 6) from the conventional discrepancy factor R calculated, and 
c) from the data reported by Dunitz himself. This Author assert, in fact 
that: « the resulting intermolecular approaches are at least as satisfactory 
as in the untilted model is not slightly better ». 

2) As for the Co-Co-N angle, the comparison of the N-C, values 
does not exclude the possibility of an effective tilt. The discrepancy from 
the normal angle must be considered on the experimental errors range. 
Therefore, were are inclined to agree with Dunitz that the really Co-Co-N 
angle is very near to be 90°. 

The correlation between the Dunitz’s and our structural data leads 
to determine the values of the interatomic distances and of the angles, as 
it is shown into Table III. (Each value takes at his right side the accuran- 
cy suggested by the comparison). 


raBLeE III. 


Co (in each polymeric chain) 
Cl 
Co N 
Angle about N-C® line 


Angle ¢ Co-N . « near to 90 


In short, with the exception of the tilt of the pyridine rings, the re- 
sults of both the structural analysis (carried out CoCl,+2 py indipendently 
first by Dunitz and than by ourself) converge to defined kind of structure, 
the structure consisting of polymeric chains running parallel to z-axis. 

The coordination about the cobalt is octahedral, but the structural 
data suggest that those octahedra are slightly tilted. The discrepancy is 
comprised in the experimental errors range. 

In our comunication, we stressed the correlation between the kind of 
the structure and some physical properties of CoCl,-2 py, that we can 
summarize as follows: 

The violet form of CoCl,*2 py exist only in the solid state [4]; it goes 
into solution only in polar solvent forming dark bleu solutions. The absorp- 
tion spectra of solutions [5] as well the reflection spectra [6] of the bleu 
solid are equal. This fact demonstrates that the only stable form in solu- 
tion is the bleu form. Measurements of molecular weight and conductivity 
[7] show that the bleu form is monomeric and undissociated. 

Very likely, the dissolution and the liberation of the bleu monomer 
wuold consist in the action of polar solvents on the partially covalent bonds 
bonds between Co and Cl, which condition the exisgtence of the macro- 
molecule. A tetrahedral configuration is, as it is knowsn, assigned to the 
bleu form. 
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Finally, we think suitable to emphasize that the growth of the violet 
compound from bleu solutions leads to a needle-shaped habitus with elon- 
gation axis parallel to z. 

The development of the macromolecule just along this axis wuold 
confirm qualitatively the needle-shaped habitus. 


REFERENCES 


{1] J. D. Dunrrz, « Nature », 179, 462 (1957); « Acta Crys. », 10, 307 (1957). 

[2] E. G. Cox, A. J. Saorter, W. WarpLAaw and J. R. Way, «J. Chem. Soc. », 1556 (1937). 

[3] L. Pautine and J. SHomacker, «J. Am. Chem. Soc. », 61, 1769 (1939). 

[4] A. Hanrzscn, « Z. anorg. Chem. », 159, 291 (1927) 

[5] J. Rompe and E. Voor, « Z. phys. Chem. », B 15, 353 (1932); L. J. Karz, J. R. Ferraro and E, 
Gespert, «J. Am. Chem. Soc. », 72, 5471 (1950). 

[6] L. K. Katziw and E. Geperrt, «J. Am. Chem. Soc. », 75, 2830 (1953). 

[7] H. Hanrscn, « Z. anorg. Chem. », 166, 237 (1957). 


DISCUSSIONS 


Venanzi (Oxford) — Are the authors aware of the X-ray structural determination on py, 
CoCl, carried out by Dunitz and published in Acta crystallographica at the beginning of 1957 ? 


Ferroni — Gli AA. ringraziano per la segnalazione. L’intempestivita di questa vieta loro 
quella correlazione fra dati strutturali che sarebbe stata pit significativa in sede di Congresso. 
Tale correlazione sara fatta. 


Planar coordination of the group I B elements: 


crystal structure of Ag (Il) oxide 


VLADIMIRO SCATTURIN, PIER LUIGI BELLON, ROBERTO ZANNETTI 


Centro di Strutturistica Chimica del CNR, Sezione di Padova Italia 


Summary: The authors investigated the crystal structure of AgO in order to de- 
termine the type of coordination and the bond distances of Ag (11) 
The X-ray analysis by the powder method shows that the compound is monoclinic, 


spatial group C*e, C 2/c, with the following parameters: 
a 5 B5, A b 3,47, A c , 19, A & = 107° 
\ 106,7 A*® Z 1 


The structure is very similar to that of tenorite CuO. 


The positions of the atoms are the following 
4 Ag in 1/4 1/4 0: 3/4 144 172 (000 
nOyg 1/4; Oy 3/4 (000: 1/2 


The most probable value of the parameter y is 0.084 
The authors discuss the presence, in the structure, of two distances. Ag-O: 1) 2.04 A 
2) 2.35 A which are commonly found in the silver compounds with formal valence (1) 


and (II) 
Of the hybridization dsp*, which should characterize Ag (11), only the planarity oj 


the Silver-Oxygen groups is mantained. 


If one bears in mind that the co-ordination of Ag** and the planar 
co-ordination of the elements of Group I B may have the same bond type 
and the same geometry of arrangement of atoms as AgQ, then it does 
not seem out of place to discuss the structure of AgO under this heading. 

The d, s and p orbitals of Cu**, Ag** and Au** can hybridize with 
the ds p* or s p® configuration. The d s p* or square planar hybrids are 
the stronger. 

Che planar configuration of the tetra-covalent Cu and Au is well 
known, but there is no information about Ag compounds, with the excep- 
tion of the salt of piccolinic acid, which is isomorphous with the correspond- 
ing cupric salt. 

The structure of AgO was studied by the powder X-ray method. 
The compound was prepared by adding AgNO, solution dropwise to a 
strongly alcaline persulphate solution at 70° C. 

An early X-ray analysis of this compound (Levi Quilico 1924) [1] ve- 
rified that the powder is a real compound with low crystal symmetry; our 
investigation made it possible to define the AgO crystal structure in detail. 
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The crystal pattern is formed by 4 AgO units, enclosed in a volume 
of 107 A*. The unit cell is monoclinic B. C. with symmetry elements of the 
Ce or C 2/c space groups and it has the following lattice parameters: 


a=5,85A b=348A c =5,49A 8 = 107° 30’ 7,70 d,, = 7,80) 


calc 


This information was obtained by using Cu K, and Fe K, radiation. 

Because of the low crys- 
tal symmetry, it was neces- 12 
sary to use the Ito method to R% 
be able to interpret the X-ray 
spectra correctly. 

Application of this meth- 


od does not give a reduced 
unit cell. 
When the square matrix 


1 1 
OO! — 0/010 for unit-vec- 


tors transformation is used, 
the Selling parameters of the 
new cell correspond to a Del- 
aunay-tetrahedron for a mo- 
noclinic B. C. cell. 

A comparison between the 
observed and the calculated 


spectra is given in Table I 


(O | sin 0 ) 


A 


The presence of special extinction in the spectra made it possible to 
assign the C 2/c space group to the compound. 
The position of the atoms is as follows: 


OOO. 


From fig. 1 in which the reliability index FR _ — “. against 


y is given, the best value obtained for y is 0,084. 
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TABLE Il. 


Fe Ka, = 1,93597 


Qeale (hAk1D) Osper (hkD 


- 


0059 
0238 
0407 


0534 
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® Ossigeno 


QZ) Argento 


Fic, 2. 


Fig. 2 representes the AgO pattern in clinographic projection. 
The special position of the atoms makes the [AgO,] arrangement pla- 
nar. The structure is formed by infinite chains 


ee —— Ne 


in which each metal atom is attached to four Oxigen atoms lying in the 
same plane. 


30 
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The structure is similar to the CuO structure. (Tunell and Coll. 1935) 
2]. In table II a comparison between the two structures is made. 


TABLE II 


This similarity of structure has been postulated by Barbieri (1907) 
[3] on a purely chemical grounds. 


In CuO the metal-oxygen bond lengths are equal and the bond angles 
are 74° and 104°. On the contrary in AgO there are two different bond 
lengths Ag-O' = 2,35 A and Ag-O"™ 
and 101°, 

Inter-atomic distances of AgO in table III are compared with Ag-O 
bonds in several other oxygenated Silver compounds. 


2,04 A. The bond angles are 79° 


Agt-O calc Ag-O cale. 0-Ag-O calc. 
Compound Ag-O measured 


Lett. 
ionic tetrahedral linear 


Ag,Mo0, 
Ag,AsO, 


Ag,/PO, 


Ag,Pb,0, 


Ag,Pb0, 


Ag,0 


AgO 
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It is evident from Table III that the bonds, in AgO are partly atomic 
and partly ionic. The only respect in which the configuration of AgO re- 
sembles the d s p* hybrid of Ag (II) is the fact that the silver oxygen groups 
are planar. 
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Summary: The physical chemistry of coordinate complex formation between boron 
trifluoride and suitable electron donor substances is readily accessible by the technique of 
igh resolution nuclear magnetic resonance spectroscopy. Fluorine magnetic resonance is 
studied in a liquid mixtures of boron trifluoride with two or more donor substances, the 
latter in stoichiometric excess. At sufficiently low temperatures separated narrow fluorine 
resonance lines are observed, corresponding to the respective boron trifluoride complexes 
involved in the various equilibria. The relative line intensities provide an index of the con- 
centrations, and hence enable measurement of the equilibrium constants. In general these 
constants are the ratios of instability constants. The studies ths provide an arrangement 
of donor substances in a general basicity or « boron trifluoride affinity + series. The exam- 
ples presented comprise principally oxygen compounds water, acids, alcohols, ethers, 
esters, ketones, etc. 

Kinetic studies are allowed by the fact that at sufficiently high temperatures the fluo- 
rine resonance lines broaden and ultimately merge to a single narrow line — the latter phe- 
nomenon corresponding to a very rapid exchange of boron trifluoride between the various 
coordination complexes. Systematic studies furnish the qualitative aspects of the rea- 


ction mechanism and quantitative evaluation of rate constants. 


The relatively new technique of high resolution nuclear magnetic re- 
sonance spectroscopy has proven uniquely useful in the study of tle phy- 
sical chemistry of complex formation between boron trifluoride and do- 
nors in which the coordinate bond involves oxygen. The necessity of wor- 
king with fluid mixtures of course limits the applicability of the techni- 
que, and in practice the usable donor substances comprise water and va- 
rious organic oxygen compounds. These include alcohols, ethers, carboxy- 
lic acids, carboxylic acid anhydrides and ketones. The present study deals 
with a systematic study of complex formation between boron trifluoride 
and a series of aliphatic alcohols, as well as with water. 

The nuclear magnetic resonance spectrometer employed in this inve- 
stigation was similar to that manufactured by Varian Associates, Palo 
Alto, California. In fact, the magnet, power supply and superstabilizer 
were those marketed by this organization. The probe and radio frequency 
equipment had been constructed at the Institute of Pyhysics, Basel, with 
the able assistance of Dr. Warren Proctor. They differ only in detail from 
the Varian equipment. The equipment operates at a frequency of 34 me- 


gacycles. 


MAGNETIC RESONANCE OF COORD. COMPLEX FORMATION BY B TRIFLUORIDE 469 


The samples were contained in slender Pyrex glass tubes, some 5 mm. 
in diameter. These were inserted into a holder constructed of Teflon, pro- 
vided with an air turbine for spinning. While at optimum performance 
the resolution was comparable with that of a Varian spectrometer, for the 
present investigation it was unnecessary to demand the optimum perfor- 
mance. The resonance lines presented, even under conditions where ne- 
gligible broadening by chemical exchange occurs, are characterized by a 
breath at half maximum appreciably greater than that caused by instru- 
mental limitations. The reason is probably to be found in an expected spin- 
spin fine structure of the F** resonances, due to coupling to the boron nu- 
clei. The latter are characterized by a considerable electric quadrupole 
moment. Since the electronic environment of the boron nuclei is only 
approximately tetrahedral an appreciable broadening due to qradrupole 
relaxation is expected. The spin-spin fine structure is hence not resolved. 
Fortunately, it is the integrated area of the line with is an index of the 
relative concentration of the fluorine containing species in question. 

The samples for investigation were prepared by weighing equimolar 
quantities of the boron trifluoride complex of methanol and the respective 
other alcohols employed. The methanol complex was prepared by satu- 
rating methanol with gaseous boron trifluoride from a cylinder Analysis 
of the product showed that it corresponded accurately to the complex CH, 
OH- BF,. The methanol contained a small a mount of water (of the order 
of one molar percent). No attempt was made to remove this, as the line 
due to the water complex furnished a convenient reference on the spectra. 
After mixing the samples, they were transferred to the Pyrex glass sam- 
ple tube. This was then equilibrated in a constant temperature bath, and 
as quickly as possible transferred to the probe. The spectrum was scanned 
within a few seconds after transfer, being recorded by direct photography 
of the oscilloscope screen. For this purpose was employed the highly con- 
venient Land camera, manufactured by the Polaroid Corporation. 

For temperatures above and below the normal laboratory conditions 
there was of course a change on transfering from the constant tempera- 
ture bath to the probe. The magnitude of this change was found empiri- 
cally by a large number of separate experiments, using a thermocouple 
to measure the temperature of the sample in the probe at the time of scan- 
ning. By carefully reproducing the time factors involved, it was possible 
to adjust the temperature of the sample to within about one degree Cen- 
tigrade. The three temperatures chosen for this study were respectively 
+ 50°C, + 20°C, and — 80°C. 

The nuclear resonance scanned is that of the F™ species. In the spe- 
ctra presented, it will be seen that there are three separate resonance peaks 
at the lowest temperatures. These correspond respectively to the com- 
plexes H,O-BF,, H,COH-BF,, where « R» identifies the other alcohol 
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used in the particular measurement. The differing chemical constitution 
leads to a so-called « chemical shift », which is responsible for the non-coin- 
cidence of the resonances. Inasmuch as the mixtures contain practically 
equi-molar quantities of //,COH, ROH and BF,, the ratio of the line areas 
for the two alcohol complexes gives directly the equilibrium constant for 
the exchange reaction 1,COH-BF, + ROH H,COH + ROH.-BF,. 

In an extensive series of studies whose spectra are not presented, it 
has been shown that the Law of Mass Action is applicable with fair accu- 
racy — in short, the solutions conform reasonably well to the conditions 
for «ideality 

In the present state of the investigation, the results must be regarded 
as only semi-quantitative. In short, the most significant fact is the qua- 
litative arrangement of the various alcohols into a series as regards their 
affinity for BF, relative to that of H,COH. In future studies it is hoped 
toped to bring these results to a more refined sate, where actual num- 
bers for the respective equilibrium constants may be estimated. 

It will be noted that the affinity differences between the various al- 
cohols are relatively small. By constast, it is also seen that the boron tri- 
fluoride affinity of water is considerably greager than that of the alcohols, 
As noted before, the water content of the samples is of the order of onemol 


per cent. Despite this, the line corresponding to H,0-BF, is strong in all 


spectra. 
The spectra at the two higher temperatures show the results of che- 
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mical exchange between the species present. Similar effects have been de- 
monstrade in other systems by one of the authors [1]. 

Qualitatively, the separation of the respective resonance peaks, ex- 
pressed in cycles per second, provides a time index. In the cases presented, 
the order of magnitude of these separations at — 80° C is some 100 cycles 
per second. 

If the frequency of chemical exchange of fluorine nuclei (i.e. of BF) 
between the various species is small compared to this index, no apprecia- 
ble line broadening results. As this frequency increases (in the present ca- 
ses as the result of increasing temperature) the individual lines broaden 
and may merge to a single broad pattern. In several cases this conditions 
is achieved at + 20°C. As the frequency of chemical exchange becomes 
large compared to the index, a single sharp line results. Its position is 
determined by the weighted average of the respective separated lines, and 
its breadth results from physical factors having to do with the nuclear 
spin relaxation processes. It will be seen that in most cases this condition 
of a single sharp line is achieved at + 50°C. 

Studies performed at a single concentration, such as those presented 
here, give little information about the reaction kinetics of the exchange 
process. This aspect is still in a state of active investigation. However, 
is has been demonstrated unambiguously that at a given temperature the 
frequency of exchange of BF, between the diflerent donor substances in- 
creases markedly with the molar percentage of BF, in the mixture. For 
example, a mixture of H,COHBF, and H,C,OH- BF, shows a single sharp 
fluorine resonance line at temperatures approaching — 80° C. On the ba- 
sis of such studies, it is possible to exclude a number of mechanistic possi- 
bilities. The most probable mechanism compatible with our studies to 
date suggests that the « free » (i.e. uncoordinated) BF, which must exist 


in small proportion in the solutions acts as a catalyst, in the sense indica- 


ted by the following equations. 


BF, + F,B-HOCH, > BF, + HOCH, (slow) 
BLF, > 2BF, (Rapid) 
H,COH + BF, > H,COH- BF, (Rapid) 
ROH + BF, > ROH - BF, (Rapid) 


It is clear that the results presented here are essentially qualitative 
in nature, but it is hoped that they demonstrate the promise of refinement 
to a stage of presenting considerably quantitative information. 

It is a pleasure to acknowledge the unfailing interest and support of 
Professor P. Huber, Director of the Institute of Physics. Funds for the 
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port of the National Science Foundation of the United States. 


INDEX OF SPECTRA PRESENTED 


. Equimolar mixture of CH,OHBF, and C,H,OH 
. , : > nd n-C,H,OH 
C,H,OH 
C,H,OH 
iso-C,H,OH 
C,H,OH 
C,H,,OH 
iso-C,H,,OH 
-C,H,,0H 
-C,H,,OH 
Ethyl hexanol 
C,H,,0OH 
n-C,H,,0H 
-CygH,,OH 


Index of Substances Contained in Mixtures Whose NMR Spectra ave Presented. 


Il. Water IX. n-Pentanol 

Il. Methanol X. iso-Pentanol 
Ill. Ethanol XL. n-Hexanol 
IV. n-Propyl alcohol XIL. n-Heptanol 

V. iso-Propyl alcohol XIIL. 2-Ethyl Hexanol 

VI. n-Butanol XIV. n-octanol 
VIL. iso-Butanol XV. n-Nonanol 
VIIL. sec-Butanol XVI. n-Decanol 
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Magnetism in the second and third transition series 
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Summary: The magnetic data available on the magnetically dilute coordination com- 
pounds of the 2nd and 3rd transition series of elements is summarised. It is pointed out 
that the increase in atomic number leads to very large spin-orbit coupling constants and 

» the possibility of coordination numbers greater than six and these facts explain a good 
deal of the data. The possibility of antiferromagnetic interactions is discussed and the 
need for the measurement of the magnetic susceptibility down to low temperatures empha- 
sised. The temperature variation of the susceptibility of several compounds is reported 
ind in one case the combined importance of spin-orbit and departure from true octahedral 


symmetry is discussed in detail 


The magnetic properties of the coordination compounds of the second 
and third transition series presents us with a certain amount of confusion. 
I had initially intended to discuss this confusion in some detail, but it is 
obvious that there is not time to do this adequately, so I shall confine my 
remarks to that part of the problem where the confusion is enlightened by 
a certain amount of clarity, that is to complexes where the distribution 
of the ligands about the central metal ion is of octahedral symmetry. The 
first thing that strikes us about the magnetic properties of the later tran- 
sition series compounds is that they are of the spin-paired type where the 
d transition electrons are constrained to occupy some number of orbitals 
less than the five d orbitals of the free ion. In the case of octahedral sym- 
metry the number of orbitals available is three and these are the d, orbi- 
tals arising from the splitting into d, and d, or, as they are called by the 
Group Theoteists, /,, and e,, orbitals as discussed by the introductory 
lectures. The magnetic properties of the various d=? configurations have 
been worked out by Kotani and in fig. 1 the moments calculated are plot- 
ted as a function of the variable kT/A, where kT is the thermal energy ava- 
ilable at the temperature in question and A is the spin-orbit coupling con- 
stant for the ion. Note that if A is not much greater than kT the moments 
do not depart too far from the spin-only moments corresponding to the 
number of unpaired electrons concerned. This explains why the spin-only 
formula for the moment has such reasonable success for the spin-paired 
compounds of the first transition series; KT at room temperature is about 
200 cm and the spin-orbit couplings are less than or not very much grea- 
ter than this in most cases. 
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However the spin-orbit coupling constant should be a function of the 
nuclear charge of the ion, Z, to the fourth power and of the reciprocal of 
mean cube radius of the electronic orbit. This last quantity does not in- 
crease enormously for the heavier elements but Z* does; so it is expected 
that spin-orbit coupling constants for the heavier elements of the 2nd and 
3rd transition series elements will be much larger than in the first row. 
However there is no direct spectroscopic evidence for their actual values 


15 kT/A 2,0 


as there is for the first series elements. In other words the moments for 
the later transition series compounds of octahedral symmetry should be 
found on the left hand side of fig. 1, where A is very much greater then kT 
For d: and d{ the form of the variation of the moment with temperature 
is such that the susceptibility, 7, must be independent of temperature. 
The moment of the d? configuration of Os(/\V) at room temperature is 
about 1.4 B.M. and this corresponds, for the particular case of (NH,),0s 
Br,, to a spin-orbit coupling constant of about 6,400 cm™~'. So here kKT/A 
is only 0.03 and this lies on the portion of fig. 1 which corresponds to tem- 
perature-independent suscreptibility. Johannesen and Lindberg [1] have 
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measured the susceptibility of this compound down to the temperature 
of liquid air and find it is indeed independent of temperature to within the 
experimental error of + 2 %. Dr. Lewis at Sheffield and myself at Sydney 
[2] have measured the temperature dependence of the susceptibility of the 
d‘ configuration in the lower homologue of osmium, ruthenium, in the 
compound (N/H,),RuCl,. At room temperature its spin-only moment of 
2.8 B.M. indicated a well behaved paramagnetic, however this is some- 
what fortuitous. In fig. 2 the behaviour of the susceptibility is given and 


| 
300 T°A 400 


it is seen that there is temperature independence at low temperatures, 
but at higher temperatures the susceptibility is beginning to fall. The a- 
greement with the theory of Kotani is not perfect but when the difference 
between the observed behaviour and the Curie law for a well behaved pa- 
ramagnetic is considered it is seen that the disagreement is rather minor 
and results in an uncertainty in the assignement of the spin-orbit coupling 
constant of from 1,600 to 1,800 cm according to the temperature chosen 
for the evaluation. This value is the one intermediate between the 6,000 
cm of Os and the 400 cm™ of Fe., as expected. 

The d; configuration does not allow of accurate evaluation of spin-orbit 
coupling constants because the variation of the calculated moment with 
temperature is not as drastic as with the di and d configurations but ne- 


& 


vertheless it is possible to say that the series of moments for Os(III), Ru 
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(111) and Fe(iI1) compounds, as exemplified by, say, the hexacyanides 
at about 1.9, 2.1 and 2.4 B.M. respectively are in agreement with values 
1,600 and 400 cm and this is to be expected as the spin-orbit coupling 
should not change very much from one valence state to another of the sa- 
me element. 

In order to try to oblain some idea of the spin-orbit coupling opera- 


tive in iridium / measured the temperature variation of the susceptibility 
of the d? compound (NH,),/rCl, down to 80° K. The moment of the com- 
pound is slightly below the spin-only value at room temperature, at 1.65 


=— 7 


B.M., already and continues to fall, down to about 1.4 B.M., as the tem- 
perature is lowered. Now this result served to rather add to the confusion 
than to simplify things. However in fig. 3, which Dr Owen has kindly al- 
lowed me to reproduce, it is seen that this result is in conformity with the 
measurements he and his co-workers at the Clarendon Laboratory have 
made at very low temperatures, and which show that the compound is 
antiferromagnetic, with a very low Curie temperature, and this is the rea- 
son for the less than spin-only room temperature moment. Although this 
effect prevented the estimation of the spin-orbit coupling constant, the re- 
result is very interesting because it does show the interpretation of the 
magnetic moments of heavy element coordination compounds must be 
made with great care because in this compound the sheath of six chlorine 
atoms surrounding each iridium atom would, from our experience in the 
lirst transition series, have been expected to provide quite ideal magnetic 
dilution and kept the iridium atoms interacting with each other. The point 
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to be emphasised is that the measurement of the magnetic susceptibility 
over a range of temperature is desirable in almost every case. 

In order to show the importance of the requirement of octahedral 
symmetry for the arrangement of ligands about the central metal ion / 
want to give here the result of the measurement of the dependence of the 
susceptibility with temperature of the compound of Ru(IV) d?, Ru(dipy- 
ridyl)Cl,, which I performed in conjunction with Dr. Dwyer of Sydney 
University. Here the octahedral symmetry of the related (NH,),uCI, 


6+! 
10° Xn 


7000+ 


CURIE LAW 


KOTANI 
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which I discussed earlier has been destroyed by the introduction of the 
dipyridy! group. The effect, as seen in fig. 4, is larger than might have 
been anticipated. The behaviour lies between that for a normal parama- 
gnetic — that is a Curie law - and the theory of Kotani. Once again, as for 
the chloro-ruthenate, the room temperature spin-only moment of 2.8 B.M. 
is rather fortuitous. This form of behaviour can be accounted for if the 
rough assumption is made that the departure from octahedral symmetry 
is of axial symmetry. Obviously this cannot be quite true, but it turns out 
that the effect of ignoring a small rhombic term is not serious. Under this 
assumption, if the chlorine atoms are taken as producing a ligand field 
smaller than the nitrogens of the dipyridyl groups, the energh levels of 
the theory of Kotani are distrubed. The temperature independent susce- 
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ptibility for, say, (NH,),OsBr, comes from the second order Zeeman ef- 
fect between the lowest level of fig. 5 and what is shown as the central 
level of the triplet which lies above that level. With a ligand field of axial 
symmetry somewhat larger than the spin-orbit coupling, and of axial 


symmetry, the energy levels are rearranged as shown. Whith a ligand 


field distortion of about 4,500 cm the level contribution the second or- 
der Zeemann effect is brought down to within a few hundred cm of the 
ground level and at temperatures of the order of that of the room it is ap- 


preciably populated and this accounts for the fall in susceptibility as the 


temperature rises. The actual shape of the curve in addition to the magni- 
tude of the susceptibility is fitted by the choice of the magnitude of the 


axial field. 
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DISCUSSIONS 


Owen (Ox/ord) 1 would be grateful if Dr. Figgis could give any further details about 
the value A 6400 cm—! which he has given for the spin orbit coupling coefficient of Os (1V) 


in K,OsBr,. This is larger than the value I have estimated for the slightly heavier ion Jr (IV), 
f the two values is in error. This 


i 2500 cm—!, by an amount which suggests that one of 


value for Ir (IV) is deduced from magneti 
using a theory which takes into account the various effects which are neglected 


susceptibility data and electron spin resonance data 


on K,IrCl,. 


in Kotani’s simple model such as Jr-Cl m-bonds and Ir-Ir exchange interactions 


i direct application of Konani’s theory to the 


Figgis rhe value 6400 cm—! results from 


magnetic susceptibility data 


Schaffer (¢ penhagen) It may be wo isking if somebody would calculate the matrix 
ments connecting spin-orbit ; rhital levels of different spin multiplicity 


»wing these matrix elements it wovld i: eral cases be possible to evaluate the spin-orbit 


' 
constants from the ratio between the ities of the absorption bands corre sponding 


forbidden and spin allowed transitio 


Fletcher ( Harwel Your explanation of the 1 vel n : m moment of comple 
[I the second and third transition seri« hexacoordination. Is it 


that in some of them there igested in 
Lf y ir paper , 
summ r this communication I indicated that 1 would discuss the oc- 


higher thar x the later tran ‘ serie however there did 
the compounds ntion, excep e Ru (dipyridyl)Ci,, 


octahedral coord on from X-ra‘ | structure evidence: 
in higher 00 ! ion number ) maining compound. 


umber would } been t ge in the moment 


} 


than those we ol 


Magnetic properties of cobalt in oxide lattices 
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Laboratorium voor Anorganische en Fysische Chemie, Rijksuniversiteit, Leiden Holland * 


Summary: The abnormally low value of the magnetic susceptibility of Co,0, and 
ZnCo,0, and the uncertainty about the valence of the cobalt ions in these spinels has led 
to the investigation of mixed crystals of CoO and ZnO 

The magnetic susceptbility of the (Co, Zn)O mixed crystals, measured up to 1200°K, 


( 
could be represented by 7 ef with a fairly large temperature-independent pa 
0) 


I 

ramagnetism (« v.o x 1 -e.m.u.) and a mag tic moment for the Co=7+ ions in 
tetrahedral interstices of 4.05u g 

The susceptibility measurements on several samples of Zn 0, indicated that Co% + 
jons are present in the octahedral holes. They showed only a small temperature-indepen- 
dent paramagnetism of 0.1 x 10 3 e.m.u. It appears that i this spinel tervalent cobalt 
behaves in a similar way as in the numerous six-coordinated complex compounds 

( 

r—o 
with a 0.7 x 10 S e.m.u. and u 4.144 B is now easily explained on the assumption 


rhe temperature dependence of the molar susceptibility of ¢ 040, Am 


that this compound is a normal 2-3 spinel. The tervalent cobalt ions in the octahedral inter- 
stices do not exhibit a permanent moment, which explains the low susceptibility values 
The Co 3 + ions in the octahedra of the perowskite LaCoO, seem to be normally parama- 


gnetic 
This difference in behaviour of tervalent coba the octahedra of various oxygen 
lattices and the behaviour of divalent cobalt in tetrahedra can be qualitatively understood 


with the aid of the « crystal field + theory 
INTRODUCTION. 


The present investigation was initially undertaken to find a solution 
for some problems concerning Co,0,. This substance crystallizes in the 
spinel structure, which is essentially a close-packed lattice of negative 
ions in which half of the octahedral and 1/8 of the tetrahedral interstices 
are occupied by the positive ions. 

So far no satisfactory explanation has been given of the low parama- 
gnetic susceptibility of this compound ( a mean Bohr magneton number 
of about 3.0 is reported in the literature [1]). Further, there has been no 
direct proof for one of the four possible distributions of cobalt ions 
over tetrahedral and octahedral interstices. Of these four possibilities: 
normal 2-3 spinel, inversed 2-3 spinel, normal 4-2 spinel and inversed 4-2 


(*) Present address: Koninklijke /Shell-Laboratorium, Amsterdam. 


is4 


spinel, the tirst seems to be the most probable according to crystallogra- 


phic investigations of Robin [2]. 

Starting from the assumption that the internal structure may be 
represented by the following formula Co~*|[Co,°*] O, (octahedral ions 
are given in square brackets), a suitable approach to the problem is the 
determination of: 

a. magnetic properties of the spinel ZnCo,0,. In this compound the 
Zn ions are very likely to occupy the tetrahedral interstices so that 
we may write Zn[Co,|0, 

b. magnetic properties of Co~* ions in tetrahedral interstices of an 
oxygen lattice. This appears to be possible in mixed crystals of CoO and 
ZnO, containing less than 25 % CoO. These substances crystallize in the 
wurtzite structure, that is a hexagonal close-packed lattice of negative 
ions in which all positive ions occupy tetrahedral interstices. 

\ combination of the properties of Co ions in tetrahedra and those 
of the Co 0; 
of Co,0,. 


roup may be compared with the actual magnetic properties 


8) 
— 


EXPERIMENTAL. 


\pparatus: All magnetic measurements were made with a torsion 
balance in a vacuum case by the Faraday method. 

The apparatus was calibrated with NiSO,(N//,).SO,6H,0. For the 
measurements at higher temperatures up to 1200°A (Gd,0, was used as 


a secondary standard. 


i 


900 


l remperature-dependence of the susceptibility ol Co-Zn oxide mixed crystal and of Co,0, 
The Z-values are for Co-Zn oxide per Co-atom, for Co,0, per Mol Co,0,. The straight dotted line gives 


theoretical « spin-only » behaviour for a Mol Co,0, containing three « magnetic » Co ions, 
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Results: The susceptibility of the (Co, Zn)O mixed crystals as well 
= ale C 
as of Co,0, could be represented by % =o + -— (liquid air points 
' 


l 
excluded). A plot of aganst 7 is given in Fig. 1. 


[he properties of ZnCo,0, appeared to be highly dependent on the 


remperature-dependence of 4.T for different ZnCo, imples 


ee his sample was prepared at a too low temper re. It was converted during the mea 


ions; 


surement to a sample containing less Co 2 + 


C}-C)- Actually the best sample which could be prepar This one was measured at a too high 
Lempe rature. During the measurement conversion to ‘ith a higher ¢ -* content occurred 


heat treatment but of all the samples the very low susceptibility could 


€, 


be represented by / ae Actually, there is an optimal procedure 


for the preparation of very weakly magnetic samples. A plot of 7. T 
against 7 for different samples ZnCo,0, demonstrates this peculiarity 
(Fig. 2). The small Curie-term C is attributed to Co** ions in the tetra- 
hedral holes, the majority of cobalt being in the diamagnetic trivalent 
state. The temperature-independent term « seems to be due to the small 
impurities of Co** ions as well as to the trivalent cobalt ions, which may 
be seen by extrapolating to a stoechiometric sample containing no Co** 


(Table I) (we were not able to prepare such a sample) *. 


* More details and tables with experimental values are giv n I’. Cossee. Thesis Leiden 1956. 


P. COSSEI 


TABLE I x and C in e.m.u. for different ZnCc,O, samples. 


> Extrapolation to 


Sampk ‘ . 
pure ZnCo,0, 


TABLE II. a in e.m.u. and wu for three different types of substances. 


ax.10 


Co ions in tetrahedral holes (mean vaiue for different dilutions of CoV 
in ZnO) , — a , : - e< 52 $.05 BM 


40,= (extrapolated from ZnCo,0, samples) 


O~5 (calculated from the above values) oe . 4.05 BM. 


O, (experimental) . , » hie « . 4.14 BM. 


The significant values obtained for the three different substances are 


combined in Table II, which amply demonstrates that Co,0, is a normal 
2-3 spinel of which the trivalent ions in octahedral interstices exhibit 


no permanent magnetic moment. 
Discussion. 


In oxide lattices we have to consider the following types of cobalt 
ions: 
a. Co** ions in octahedral interstices. 
b. Co-* ions in tetrahedral interstices. 
c. Co** ions in octahedral interstices (no examples are known in 
which Co** ions occupy tetrahedral interstices). 


We will briefly discuss the magnetic properties of the second and 
third types of ions, as Co** ions in octahedral interstices have been sati- 
sfactorily treated by Abragam and Pryce [3]. 

Not many compounds containing Co** ions in tetrahedral surroundings 
are known. A few halogenides are mentioned by Nyholm [4]. Moments 
ranging from 4.4 to 4.7 B.M. are reported (our values are: » = 4.05 B.M., 
a =0.5 x 107° e. m.u.). 

Crystal field considerations [4, 5] show that the term scheme of energy 
levels of a Co** ion in a tetrahedral hole has a singlet ground state (Fig. 3) 
(in octahedral interstices a triplet state is lowest), causing a « spin-only 
magnetic moment. The departure from the exact « spin-only » value (3.87 
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B.M.) is due to the L.S. coupling, which is rather strong in the second half 
of the first row of transition elements. Above this singlet level are the two 
empty triplet levels. As was shown by van Vleck [6] these empty levels 
may cause a temperature-in- 
dependent contribution tothe 
susceptibility if the energy 
distance to the ground level 
is not too large. 

Our results on Co** ions 
in octahedral interslices are in 
full agreement with those on 
the well-known hexacoordi- 
nated complexes. In these dia- 
magnetic compounds a tem- 


TE TRAHE ORAL 


perature-independent term 
Fic. 3 rerm mes of Co2 ions in, respectively, 


varying between 0.03 and cnet end teeta titindinin oe 
0.17 x 10~* e.m.u. has been same size 

found [7]. K,CoF, is the only 

complex in which trivalent cobalt exhibits a permanent moment of, 5.3 
B.M. 

Among the oxides containing trivalent cobalt the perowskite LaCoO, 
is paramagnetic according to Jon- 
ker and van Santen [8]. 

We shall have to explain this 


ENER 


difference in behaviour of Co** 
ions in an oxidic spinel and a pe- 
rowskite, respectively. 

According to Orgel [9] the oc- 
tahedrally shaped electric field of 
the surrounding ions splits the °D 
level of the central ion into an 
upper doublet and a lower triplet. 


_ 


RYSTAL - FIELL If, however, the intensity of the 
TRE NGTH : 


crystal field gradually increases the 
Fic. 4 « Orgel diagram + for Co3 + ions in a crys , . ye 
originally much higher’ S level may 


tal field of octahedral symmetry 

become the lower. As may be seen 

from Fig. 4 small variations in crystal field strength may alter the magnetic 
properties completely. 

If we compare the crystal structures of the spinels Co,0, and ZnCo,0, 

with the arrangement in LaCoO,, we notice that in both cases the central 

Co*™~ ion is surrounded by an octahedron of 0*~ ions, but in the perows- 


kite the cube of 8 O*~ ions at a distance of a ) 3 (Co-O distance = a) is 


replaced by a cube of 8 La** ions (Fig. 5). 


Considering one OU 


ion in the centre of one of the faces of the cubes. 
n the perowskite structure this ion is only surrounded by 


we notice that 1 


a square of La ions and consequently strongly polarized in the plane of 
this face. 


A diminished polarizability perpendicular to this plane results so that 


these surrounding O* 
th 


bie 


ions are now comparable to / ions. he fact that 
crystal field strength is highly dependent on the polarizability of the 
surrounding ions explains why K,CoF, and LaCoO 


in which Co** ions are paramagnetic *. 


y 


are the only compounds 
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The magnetic susceptibility 


of molten nickel (Il) complexes 


LUIGI SACCONI, RENATO CINI, ANCESCO MAGGIO 


i mica Generale de 


Summary 
unetic in the 


Ml the molte 


[he paramagnetism exhibited by t! s-( N-methylsalicvlaldimine)- 
nickel (11) complex, diamagnetic in the so! tate, when dissolved in « non- 
coordinating » solvents such as benzene chloroform, has been inter- 
preted as being due to the conversion of a proportion of the molecules of 
the complex from a planar to a tetrahedral configuration. [1] A similar 
behaviour is observed for complexes of the series from bis-(.V-ethyl)-to 
bis-( N-amylsalicylaldimine)-nickel (Il), [2] 

rhe electric dipole moment measurements made on such complexes 
dissolved in dioxane and benzene have afforded evidence against such a 
view. [2] On the other hand, the hypothesis that paramagnetic octahedral 
disolvated complexes are formed, altough probable in the light of the 
investigations by Basolo and Matoush [3] on the coérdinating tendencies 
of the methylbenzenes, cannot be ruled out [4]. In fact the existence of a 
silver perchlorate-benzene complex [5] shows that benzene and metal atoms 
may bind together. 

In order to determine whether or not benzene molecules do coérdinat« 
with these nickel (11) complexes to yeld paramagnetic solutions, magnetic 
measurements have been made on bis-(N-alkylsalicylaldimine)-nickel (IT) 
complexes, from bis-(N-ethyl)-to bis-(N-decyl)-, in the molten state. The 
magnetic susceptibilities of the molten compounds were measured between 
80 and 200° by the Gouy method. In order to have samples of a lower mel- 
ting point, mixtures of two complexes in the molecular ratio of 1:1 also 
were used, 

Complexes which are diamagnetic in the solid state are paramagnet 
with moments ranging from 0.8 to 1.15 B. M. in the molten state. Graphs 
of the magnetic moment vs. temperature for all of the complexes exami- 
ned have very similar shapes and sometimes coincide (see Fig. 1). In the 
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case of complexes or mixture of complexes melting below 100°, the curves 
have a minimum near 120°. Since the paramagnetism of bis-(N-methyl- 
salicylaldimine)-nickel (II) in benzene and chloroform, as measured by 
Clark and Odell, [1b] decreases steadily with increasing temperatures 


from -16 to 43°, magnetic measurements have been also made on solu- 


1.2 
| 
| 
r 


1.1 


100 120 140 180 200 


Magnetic moment of bis-( N-alkvisalicvidimine )-nic r complexes in the molten state 


t temperatures 


tions of the complexes in dibutylphtalate which permits measurements 
up to 200°. 

Curves of the magnetic moments of these complexes dissolved in this 
solvent likewise show a minimum. For the bis-(N-methyl)- complex this 
minimum falls near 120° Beyond this point the magnetic moment rises 
steadily with increasing temperature. This suggests that the mechanism 
of the transition from diamagnetism to paramagnetism is the same for 
solutions as it is for the molten systems. The results of this investigation 
also show that the presence of solvents is not necessary to give rise to para- 
magnetism in these complexes, their diamagnetism being a property pecu- 
liar to the solid state only. 

The equilibrium constants A = [paramagnetic form] / [diamagnetic 
form] have been calculated from values of magnetic susceptibility. The 
plots of log AK against 1/T give a minimum which demonstrates an inversion 
of sign in the enthalpy of values of the equilibiium. 

The possibility that the paramagnetism of the molten compounds can 
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result from dissociation of the complexes into free Ni** ions and chelate 
molecules has been escluded by measurements of electrical conductivity 
made on these complexes in the molten state. 
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DISCUSSIONS 


Caglioti( Roma) — I valori de] paramagnetismo della massa fusa raggiungono un massimo dopo 
un certo periodo di riscaldamento. I! valore iniziale ¢ molto differente da quello di equilibrio ? 

Vi sono fenomeni di isteresi ? 

Come varia lindice di rifrazione durante tale riscaldamento ? 

Si potrebbe pensare a fenomeni di rotazione o di associazione orientata 


Sacconi Come ho esposto, il fatto che i complessi fusi raggiungono un valore stabile nel 
paramagnetismo solo dopo un certo tempo, ci @ parso significativo. La differenza fra il valore ini 
ziale del paramagnetismo e quello di equilibrio non é ingente ma nettamente apprezzabile. Pid 
interessante appare il fatto che, se si fa solidificare un complesso fuso, che cosi ritorna diamagne 
tico, e poi si riporta alla temperatura della prima esperienza, esso riprende quasi subito il valore 
finale del paramagnetismo a quella temperatura prima d 0 raggiunto dopo un notevole lasso 
di tempo 

Finora sono state eseguite, sui complessi fusi, solo m re magnetiche e di densita. Ci ripro 
mettiamo di eseguire misure spettrofotometriche, misur« viscosita, di indice di rifrazione et« 


Bjerrum (Copenhagen) I should like to ask Profes Sacconi if he assumes the paramag 
netic form of bis-N-methylsalicylaldimine nickel (11) to be tetrahedral ? 


Sacconi - I.e misure di momento elettrico dipolare nelle soluzioni benzeniche del bis- N-me 
tilsalicilaldimine nichel e degli altri termini della serie hanno dato risultati contrari all’ipotesi 
della struttura tetraedrica di questo complesso in soluzione. L.’analogia del comportamento ma 
gnetico di questi complessi in soluzioni e allo stato fuso 1 ci autorizza ad avanzare l’ipotesi di 
tale struttura nei complessi fusi 


Seatturin ( Padova) Sono state fatte misure di pes: ylecolare in ftalato di dibutil 
altri solventi non coordinati ? 

Sacconi In ftalato di butile non ¢é possibile eseguire misure crioscopiche In benzene si 
sono ottenuti valori del peso molecolare largamente var 


Klemm (Minster) Ist ein grosser Unterschied in der Farbe im festen und im flissigen 
Zustand ? 


Sacconi — A vista, il colore dei complessi sembra cambiare leggermente quando avviene la 
fusione ed anche quando si varia la temperatura del fuso. Misure quantitative non sono state an 
cora eseguite anche per la difficolta di ottenere strati sottilissimi dei complessi fusi da osservare 
fra due lastre di quarzo 


A paramagnetic form 


of bis-(V-methylsalicylaldimine)-nickel (If) complex 


LUIGI SACCONI, PIERO PAOLETTI, RENATO CINI 


erule lell't ers fi Palermo Ltslia 


Summary i ‘ omple bis-tN lsalicvialdimine)-nickel (11) turns 


‘hen heated above 1800¢, which is 
i was found to b +4 BB. M. The pro 
wlymeric structure of the puramogne- 


sel Astyrd hvbridation 


rhe complexes of nickel (II) with N-alkylsalicylaldimines exhibit 
in unusual behavior: they are diamagnetic in the solid state but become 
paramagnetic when dissolved in organic, even non polar solvents [1], 
ind in the molten state [2] 

rhe first member of the series, bis-(\-methylsalicylaldimine)-nickel 
(Il) differs somewhat from the other members of the series: its parama- 
gnetism, both in solution and in the molten state, is appreciably higher 
than that of the other complexes of the homologous series. The electric 
dipole moment of the methyl derivative is also higher than that of the 
others, and its u. v. spectrum, done in A Br discs, is anomalous [1d]. 

Klemm and Raddatz [3] reported the isolation, together with a dia- 
magnetic form, of an unstable paramagnetic form of bis-(N-methylsalicv- 
laldimine)-nickel (Il) which is green with ug} 3.18 B. M. The latter 
turned into the diamagnetic form within a few weeks. Other workers [1a] 
maintain that the paramagnetic compound exists only if contaminated 
with pyridine of crystallisation. 

\ special behavior of the methyl member of this series is also displayed 
when heated as observed under a microscope. On gradual heating, the green 
crystals turn to a crystalline white powder above 160°, which melts par- 
tially above 190-192°. On rapid heating to 205-210°, the change occurs 
rapidly without melting. The analytical data of the product, whether the 
heating was carried out in a sealed tube or in a open vessel were found 
to be identical to those of the starting material. The product thus obtain- 
ed was, in the bulk, light green with pink reflections. Unlike the starting 
material, it is insoluble in all non-polar solvents, such as benzene, chlo- 


roform, etc. It dissolves slowly on prolonged boiling in pyridine to give a 
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solution with the same absorption spectrum as that of corresponding so- 


lution of the original green complex. On removal of the solvent the green 
diamagnetic compound is recovered. 

Phe product of the thermal reaction is paramagnetic with p._ equal 
to 3.4 B. M. The conversion of the diamagnetic form into the parama- 


30 
time. minutes 


\4 vs. time for bis-( N-methylsalic 


gnetic form has been followed at 180° by measuring the magnetic suscepti- 
bility change from time to time. A plot of the atomic susceptibility vs. 
time is reported in fig. 1. The conversion is virtually complete within 
ilue of 3236 x 10‘ u.c. g.S. 
Percents of reaction can thus be made to correspond to any intermediate 


two hours to yeld a corresponding final X, ° 
susceptibility value while the conversion is in progress. 

The temperature dependence of the atomic susceptibility of this pa- 
ramagnetic complex from 20° to 200° fits fairly well into Curie’s law. 

The diamagnetic and paramagnetic forms of the complex possess a 
specilic gravity of 1.534 and 1.457 at 20°, respectively. The powder dia- 
gram of such forms, as obtained by use of the CuKa@ radiation, are com- 
pletely different from each other. 

Since the paramagnetic form is insoluble in organic solvents, the 
ultra-violet spectrum has been measured in the solid state by use of th 
potassium bromide technique. The spectrum tourned out to be identical 
to that of the diamagnetic form [1d]. On varying the charge of th sample 
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and the pressure used for the preparation of the potassium bromide disc, 
there is noted no appreciable change in the spectrum. This makes it im- 
probable that the identity in the two spectra is caused by a reaction of 
the two compounds with potassium bromide. On the other hand, prolon- 
ged grinding was found to render the paramagnetic form soluble in those 
solvents, such as benzene and chloroform, in which it was not soluble prior 
to the treatment. The spectra of the solutions thus obtained are identical 
to those of the diamagnetic form. The finely ground material is some 20 °, 
less strongly paramagnetic than the non-ground compound. 

The above observation can be taken as evidence that grinding ini- 
tiates a conversion process of the paramagnetic into the diamagnetic form 
which is furthered by the high compression used for the preparation of the 


disc. 


Because of the difficulties experienced in the preparation of crystals 
of the paramagnetic form suitable for a detailed structural analysis, we 


can only offert hypothesis on its structure. 

It is well known that the paramagnetism of the nickel (II) complexes 
iS arising from two unpaired electrons, can be alternatively accounted 
for in terms of the following configurations: a) tetrahedral, with is4p* 
hybridation; 6) square planar with 4s4p*4d outer orbital hybridation; c) 
wctahedral with 4s4p°4a~ hybridation. Sutton [4] suggested in terms of 
ligand field theory that the splitting and therefore the stabilisation is much 
less for the tetrahedral arrangement than for a regular octahedral one. 
In this case the codrdination number will increase to six through polyme- 
risation. Nyholm [5] pointed out that this occurs for most of the com- 
pounds in which the nickel (11) atom is supposed to be four-covalent. 

rhis seems to apply well to the case herein described. The non-so- 
lubility of the paramagnetic bis-N-methyl complex in the inert solvents 
suggests for the compound to be a polymeric complex. 


ACKNOWLEDGMENT. The authors are indebted to the Italian « Consi- 
glio Nazionale delle Ricerche » (C.N.R.) for the support of this work. 


EXPERIMENTAL, 


PARAMAGNETIC BIS-(N-METHYLSALICYLALDIMINE)-NIKEL (II). Was 
prepared by heating the diamagnetic bis-(N-methylsalicylaldimine)-ni- 
kel (II) complex at 210° for two hours. 

Anal. Caled. for CyH,O.N,Ni: N, 8. 56; Ni, 17.95. Found: N, 
8.67; Ni, 17.87. 


MAGNETIC MEASUREMENTS. Magnetic susceptibilities were determin- 
ed with the use of a Gouy-type magnetic balance which will be described 
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substance was quickly heated 
f a circulating paraffin oil bath 


: 


elsewhere. A finely ground sample of the 
to the desidered temperature by means « 
regulated to within 0.4°, 


ABSORPTION SPECTRA. Spectrophotometric measurements in the 
DU spectrophotometer by the 


solid state were made with a Beckman 
potassium bromide technique [6]. The applied pressure was 12 tonn. cm 


Grinding was accomplished with a Hilger type ball mill. 
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Study of some isomeric glyoximes and their Ni 


complexes by means of monomolecular layers 


MARIO MILONE, ENZO BORELLO, CARLO AMBROSINO 
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In the series of the researches on the isomeric glyoximes and their red 
Vi complexes, carried out in the Chemical Institute of the University of 
lurin, we often needed to employ methods of study, which were able to 
provide the greatest deal of information with the small quantities of sub- 
stances obtained after tedious fractionations 

Particularly the determination of the molecular weights was a great 
difliculty to overcome. because it is not possible to use either the normal 
crioscopic methods which require too large quantities of compound, or 
the microcrioscopic ones on account of the imprecision in the measurement 
and of the insolubility of the most compounds in the solvents commonly 
used. 

We then try to study these compounds sprayed in monomolecular la- 
vers at the interface water-air. With this method, first introduced and de- 
veloped in Italy by Prof. A. Nasini, we could foresee the utility of such 
measurements for the glvoximes in which polar groups (oximinogroups) 
and non polar groups are contained in the same molecule in relative posi- 
tions wich are particularly suitable to the formation of monomolecular 
films. 

Che very good results obtained in the determination of the molecu- 
lar weights by this methods gave us the possibility to obtain further infor- 


ISOMERIC GLYOXIMES AND THEIR Ni COMP! BY MEANS OF MON. LAYERS 197 


mations on the structure of the film and of the molecules from the study 
of the compressibility curves. The same good results were obtained on the 
red Ni complexes of the glyoximes « anti », which have a planar structure 
of the nucleus (1). 


(1) 


DETERMINATION FF THE MOLECULAR WEIGHTS, 


As it is known, the molecular weight can be determined from the va- 
lues of the surface pressure of monolayers in gaseous state by means of 
the ideal law PS RT, for a grammomolecule, where P is the pressure in 
dine/em, S is the surface occupied by a grammomolecule. For a gram of 
film, this equation becomes M c/p. RT where c is the concentration on 


the surface in grams for cm? [1]. 


Since this relation is satisfied only at very low concentrations it 
is necessary to extrapolate the straight lines (c/p, c) at zero concen- 
tration 

In our measurements we employed a very sensible manometer par- 
ticularly suitable for the determination of low and very low pressures, at 
which the monolayers are usually in gaseous phase. It is made of a glass 
vessel, whose internal face is coated with polythene; the useful surface 
of spreading is 1054 cm. 

It is fitted with a modified Guastalla manometer and with an opti- 
cal system of recording continuously the pressures against the concen- 
trations [2]. 

The spreading was obtained from solutions in ethanol for the three 
diphenilglyoximes and in acetone for all the other compounds; the solu- 
tions of the Ni complexes were sprayed on a very dilute solution of Ni 


acetate. 
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In the figures are plotted the pressure (figg. 1, 2) and the values ¢/p 
(figg. 3, 4, 5, 6) versus the superficial concentrations of the following com- 
pounds, wich we have till now studied: 

some aliphatic «anti» glyoximes 

the diphenilglyoximes « sin anti amphi 

two red Ni complexes of the methylisopropilglyoximes «anti» which 
have separated in two isomers [3]. 
These two red complexes are of the Sugden « cis-trans » type. [4]. In 


Pressure vs. surface plot 


Methylisopropyldioxime, Ni salt m. p. 150 
Methylisopropyldioxime m. p. 124 °C 
Methylisopropyldioxime, Ni salt m. p. 220 
Methylisopropyldioxime m. p. 158 °C 
Methyiglioxime m. p. 157 


the first table I are reported the molecular weights obtained by this me- 
thod and the angular coefficients of the straight lines c/p, c. 

The values of the molecular weights found by this method are indi- 
pendent from eventual associations between molecules, because they are 
calculated by extrapolating the rations c/p at null concentration. 

Effectively associations are present in the solutions of glyoximes be- 
cause the oximinogroups can form intermolecular hydrogen bonds [5]. The 
crioscopic measurements in dioxane and the microcrioscopic determinations 
in camphene always give higher values than those calculated. 

The infrared spectra confirm the associations between solvent solute 
molecules, in the system dioxane-glyoxime [6]. 
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Also for the Ni complexes the crioscopic measurements give evidence 
of 


molecular associations. 


The results are reported in the table II. 


DIFFERENTIATION OF THE ISOMERS. 


The angular coefficients of the straight lines (c/p, c) assume a great 
importance because they are a characteristic of the various isomer. The 


is 

uv ' 
—_ ' 
> 

3 
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Pressure vs. surface plot. 
1) Diphenylglioxime m 160 °C 
2) Diphenylglioxime m 243 


3) Diphenylglioxime m 211 °C 


practical importance is very remarkable 
the isomers is generally difficult. 
In fact the infrared spectra are very 


because the characterization of 


similar (unless for the diphenil- 


— 


ah 


all 
0,004 0,006 


A. 
0,008 C¢ mg/m* 
3. c/p vs. ¢ plot for methyiglioxime. 
1) Methylglioxime m.p. 157° ¢ 
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glyoximes not yet well studied); the ultraviolet absortions are listed in 


the following table (solution in ethanol). (Tab. III) [7]. 


» vs. ¢ plot for isomeric methylisopropyiglioximes 
Methylisopropyidioxime m 


2) Methylisopropyidioxime m. p 


It is seen that from the study of the U.V. absorption and of the angu- 


lar coefficients it is always possible to distinguish the various isomers. 


alias 
0,008 C mg/m? 


c/p vs. ¢ plot for isomeric diphenylglioxime 


1) Diphenyiglioxime m. p. 160 
2) Diphenylglioxime m. p. 211 


}) Diphenyliglioxime m. p. 243 « 


Sugden classified the cis and trans forms of some isomeric red Ni com- 


plexes from measurements of electric moments. 


ital 


. = = - 
0,02 c mg/m? 


1 
0,01 
p vs. ¢ plot for the salts of isomeric methylisopropylglioximes, 
1) Methylisopropylidioxime, Ni salt m. p. 220 °C 


2) Methylisopropyidioxime, Ni saltm. p. 150 °C 
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TABLE I. 


uM. W M. W. Angular 


Compound 
calculated found coefficient 


Methylglyoxime 
Methylisopropilglyoxime m. p. 158 
Methylisopropilglyoxime m. p. 124 
Diphenilglyoxime m. p. 243 
Diphenilglyoxime m. p. 211 
Diphenilglyoxime m. p. 160 
Ni-methylisopropilglyoxime m 


Ni-methvlisopropilglioxime m. 


TABLE II. Crioscopic measurements. 


Compound or gr/l0on) = 6M. W. found M. 


wnt: dioxane 


Methylisopropilgivoxime m.p 


Methylisopropilglyoxime m.p 


Solvent: camphene(micro) 


Methylisopropilglyvoxime m.p 


Methylisopropilglyvoxime m.p 


Solvent benzene 


Ni-methylbenzilgl. m.p. 168 


Ni-methylbenzilgl. m.p. 76 


Ni-methyl-n-butilgl. m.p. 150 


Vi-methyl-n-butilg!l. m.p. 86 


But the differences found are of the same order of magnitude of the 
experimental errors, and the question is not yet resolved. We hope to con- 
conclude at this point from the study of the angular coefficients. 
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TABLE IIL. 


Compound 


\i-methyvlisopropilgl 
Ni-methvlisopropilgl 
Methylisopropilgl. m 
Methylisopropilgl. m 
Diphenilglyoxime m 
Diphenilglyoxime m 


Diphenilglyoxime m 


[tHE ANGULAR COEFFICIENTS OF THE STRAIGHT 


LINES C/P, C. 


The above mentioned equation PS = FT is a limit law, which is rarely 
followed from real monolayers in the gaseous phase. 

It is therefore necessary to introduce some constants characteristic 
of the film forming molecules. 

It is interesting to remark that when the angular coefficients of the 
straight lines (c/p, c) are negative, it is possible to obtain by extrapolating, 


c/p to zero concentration the values of cosurface », bidimensional analo- 


gous of «covolume » in the Van der Waals equation. 

Sut in our case the angular coefficients are positive and we cannot 
determine the «cosurface », whose importance is obvious, because it 
should allow the knowledge of the area occupied by the molecule at the 
interface. We believe that in our case the values of the « cosurface » can 
be attained from the study of the curves (p, c) at pressures higher than 
those till now considered by us. 

For the glyoximes and their Ni complexes the positive angular coef- 
ficients can be considered as a measure of the importance of the molecu- 
lar associations, because the gaseous films are more compressible then in 
the ideal case. 

From the table and the diagrams we can see that for the isomeric me- 
thylisopropilglyoximes and their Ni complexes, the low’ melting compo- 
unds have lower angular coefficients; otherwise speaking they are stron- 
ger associated than the high melting isomers. 

This interpretation is in agreement with the crioscopic results. Ho- 
wewer if it is possible to explain the association for the glyoximes (possi- 
bility of H bonds) it is more difficult to understand the behaviour of the 
Ni salts. 
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In these compounds in fact the oximinic H atoms form very inten- 
sive intramolecular H bonds. 

Moreover it is also difficult to understand the great differences of the 
angular coefficients on the basis of the electric moments, because they have 
close values. 

We are now studying a greater number of compounds in the same 
conditions described in this paper, in order to state the influence of the 


side groups; and at higher pressure we try to establish the values of « co- 


surfaces 

From these first results-we can conclude that this method is very pro- 
mising for the study of these classes of compounds, both for the classifica- 
tion of the isomers and the structural information wich can be drawn from 
the behaviour at the interface. 
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The properties of monomolecular layers 


and the structure of some azochelate compounds 


ENZO FERRONI 


Fisica dell’ Universita di Firenze 


Summary: The Author points out that the study of the properties of monomolecular 
laVers of chelate compounds nwvy give a strong contribution to the definitition of their 
structure 

Such a study must be however performed after an preliminar accur nvestigation 

1 the structure and the state of the chelating agent lavers 

The Author takes particulary in consideration the Ni-phenvlazo-Snaphylammine che 
late as well as the Cu-phenylazo-$napht ylammine 

The monomolecular layers of phenylazo-$naphtylammine have been studied by means 
f measurements of the surface-pressure, viscosity and surface-potential. The accuracy of 
these measurements allows the A. to establish that the phenvlazo-xnaphtylammine produ 
es two kinds of monomolecular layers according to two different angular inclinations ofl 
the molecule for respect to the surface 
‘ 


The lavers of chelate compounds originate by meu of the spreading of the chelating 
I “ I 


izents on dilute solutions of NiSO, and Cut NOs »- Sever series of experiments have allo 


wed the A. to notice that, apart from the concentration of the supporting saltern solution 


the molecular area, obtained from the surface-pressure curves. agree with the planar struc- 


ture of these chelatsé compouncls 


fhe planar structure of such compounds is therefore ' ocally inferable from the stu 


of the monomolecular layer proper. ies 


rhere is reason to admit the validity of a biunivocal relation of the 
structure of a complex and the corresponding area per molecule in a mo- 
nomolecular condensed layer. 

[he symmetry of that relation allows to add a new method of inve- 
stigation, which, taking advantage of the experimental data deriving from 
the study of monomolecular layers, can give useful informations, on the 
structure of the complex under consideration. 

he quantities taken into consideration are the following: the height 
of the band of reflected light from the layer surface waved by a synchro- 
nous rippler, the surface viscosity and the surface potential. 

Now I will describe briefly the apparatus: 


a) Height of the band of the reflected light. This apparatus is al- 
ready known mentioned in some my papers [1]. 
The amplitude of a stationary wave produced on the surface of a li- 
quid by a synchronous rippler of suitable frequence, as it is known, de- 
crease because of the presence of a layer. 
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The amplitude has a minimum when the monolayer is packed. The 
variation of the amplitude is optically followed by a measuring on a gra- 
duate screen the height of the band of the reflected light produced by a 
beam incident on the waved surface. 

A proper relation exist between the stationary wave amplitude and 
the height of the band of the reflected light [2]. 

Che area per molecule can be changed either by means of consecu- 
tive additions of known volumes of the spreading solution or by com- 
pression of the layer. 

b) Surface viscosity. I have used the torsion oscillation viscosime- 
ter proposed by M. Joly [3], suitably improved. 

The torsion pendulum bob is formed by a horizontal ring of mica, 
supported by a quartz wire having diameter, lenght and torsional constant 
known, which merely touches the surface. In the isochronal oscillation 
range, the surface viscosity is proportional to the period of oscillation. For 
this reason, te experimental data are giv id periods (seconds) instead 
of surface viscosity units. 

c) Surface potential. In order to overcome the usual experimental 
difficulties on the electrostatic investigations, the preliminary experiments 
were numerous. The method is that in general used, the so called ionizing 
electrode method [4]. The electrometer is of the Perrucca’s Lype. The en- 
tire device is enclose in an earthed metallic cage. 

I noticed besides that the accuracy of the measurements is affected 
by the vapors of the spreading liquid (benzene). These vapors, increa- 
sing their concentration in the space surrounding the apparatus, form 
mixed films having different phase particularly when the consecutive 
addition method is used. 

Now, it is known from the studies of Frumkin and coworkers [5] that 
the value of the surface potential depends remarkably upon the phase of 


the film. The introduction in the cag f activated Carbon spreaded 


through a large surface allowed to overcome to this disadvantage. 

After having obtained satisfactory experimental conditions. I thought 
necessary testing our apparatus by means of the investigation of films of 
palmitic acid, the surface potential of which was accurately measured by 
Shulmann and Rideal [6]. 

The value of the dipole moment (derivable from the surface poten- 
tial by means of the known relation: A \ 1 <yu) or rather the vertical 
component of the dipole moment of palmitic acid for films of different pha- 
ses agree with the Shulmann and Rideal values. 

\s I referred in some preceeding papers [7], first of all I took into con- 
sideration chelating and chelate compounds having known or supposed 
konwn structure, afterwards I investigated the structure of other com- 
plexes without the assistance of data obtainable from different sources. 
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In first case I was able to confirm what shown by other Authors: in 
the second case I noticed, with excellent accurancy, experimental facts 
which converge into defined structural hypotheses. 

lable I shows the value of the area per molecule obtained from films 
dimethvlglvyoxime on bidistilled water, as well as from films of Ni- and Cu- 


TABLE I. 


TABLE I FILMS OF DIMETHYLGLYOXIME 


on bidistilled water on Ni solutions on Cu solutions 


h icm) AtA) h (cm) AA) h«cm) Ach) 


12.0 5484 125 12831 125 24000 
7.0 5287 12.0 12100 105 165.20 
5.0 51.12 11.5 102.50 70 120.90 
40 49.00 11.3 96.70 54 101.00 
3.0 47.60 10.5 87.95 40 80.62 
4.0 46.50 12.0 80.50 5.5 70.10 
4.3 42.70 12.2 76.50 60 60.50 
4.3 38.60 124 72.30 6.0 56.40 


Area per mol 


140 220 & 


limethylglyoxime chelate, formed whether by surface reaction between 
the chelating agent and ionic solutions, or by spreading solutions of the che- 
late compounds on bidistilled water. 

Che experimental value 47.6 A® of the area per molecule of dimethyl- 
glyoxime on bidistilled water, in comparison with the theoretical value 
17.0 A*, as obtainable from structural data, suggest that the dimethylgly- 


oxime planar molecules are arranged parallely to the surface. The expe- 
rimental values 87.9 A* and 80.6 A? of the area per molecule of Ni and Cu 
dimethyglyoxime respectively, are obtained by spreading whether the 
chelating agent on ionic solutions or the chelate compound on bidi- 
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stilled water. The agreement between these two kinds of values shows 
the formation of chelate compound in surface. 

It is noteworthy to remark the comparison between the experimental 
data and the values deduced from known structural data: 

Experimental value: 87.9 A*. Theoretical value of the planar se- 
ction of Ni-Dimenthylglyoxime : 86.3 A®. 

Experimental value: 80.6 A*. Theoretical value of the planar se- 
ction of Cu-Dimethylglyoxime : 82.9 A®*. 

In each of the three cases under examination the condensed films are 
for med by planar molecules parallel to the supporting surface. 

The comparison between the experimental value and the calculated 
one shows a satisfactory agreement for respect to the dimethylglyoxime 
and Ni-chelate, whereas fro the Cu-chelate the disagreement -2.34 A® ap- 
pears to confirm the non-complanarity of the two rings in the chelate mo- 
lecule, as recently deduced from a more precise X-Ray investigation by 
Frasson, Zanetti, Bardi e Bezzi [8]. 

As seen, for the dimethilglyoxime and chelate compounds is suffi- 
cient one of the above said quantities to obtain a precise interpretation. 
In other cases the interpretation is much more complicated. 

As this purpose I refer the study on the properties of the films of phe- 
nylazo-6-naphtylamina, for which it was necessary to take in consideration 
all the described quantities. 

Chis study is particularly apt for explaining completely the used me- 


thodology , 


FILMS OF PHENYLAZO-8-NAPHTYLAMINE ON BIDISTLLED WATER. 


The compound was prepared according to Bamberger and Schieffe- 
lin [9] and recristalized. Of course the absolute purity is necessary condi- 
tion for the validity of the experience. 

a) Height of the band of reflected light. — Spreading solution: phe- 
nylazo-$-naphtylamina (1) 2.10 * © in benzene. Supporting liquid: bidistil- 
led water; Temperature: 18° C. 

Table II shows some values of the height of the band of the reflected 


light as function of the area per molecule. In the diagram are plotted the 
value of Table II. 

I was able to remark in numerous and accurate experiments; carried 
out whether by means of the consecutive addition method or compression 
of layer, that (1) of layer, that (1) from two different condensed films, each 


consistent with an area per molecule respectively: 64.4 A*? and about 49 A*. 
b) Surface viscosity. 
The surface viscosity was measured after having raised the rippler, 


delimited the film with a guard ring, and lowered in the centre of the same 


ENZO FERRONI 


TABLE 2, 3, 4. 


FILMS OF PHENYLAZO ~S- NAPHTYLAMINE 


HEIGHT OF THE BANO OF THE REFLECTED LIGHT 


TABLE II - 


Ax) 


4306 
4690 
5160 
5550 
5723 
6010 
6438 
6800 
7160 
73 57 
8590 


60 
TABLE IV - POTENTIAL (AV and OIPOLE MOMENT 


02 
ACA) AVGmv) = 10" (ues) 


109 80 40 1.09 
93.53 50 1.23 
8580 140 3.18 
64.31 150 255 
51.47 150 2.04 
4960 150 198 
4690 160 198 


fim II 
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ring the torsion pendulum bob until touching the surface. Table III shows 
the experimentals values (in periods) as function of the area per mole- 
cule. 

Two maxima respectively for the area 64.5 A? and 49.8 A® very evi- 
dent in the corresponding plot. The agreement with the values first obta- 
ined : 64.4 A* and about 49 A? is satisfactory. 


I think this is the right moment for drawing the possible deductions, 
at least in order to put in evidence that the experimental results hitherto 
obtained are not yet sufficient for the univocal interpretation of the film 
structure. 

As known, the (1) structure has not yet accurately refined. There- 
fore I thought advisable to caculate the molecule dimensions according 
to the knowledges acquired from the several works on the physical and 
chemical properties of (1), the values of the Van der Waals radii for each 
atom in accordance with the bond angles, and the data tabulated bv 
Stuart [10]. The cross section area of the planar molecule is 93.3 A*, whe- 
reas the smaller cross section area (corresponding in the film to a_ verti- 
close paking and taking into account that in the films of azocompounds 


> 


the -N = N- group intersects the inferface [11] is 49.6 A®. 
The experimental value of about 49 A* agrees very well the calcula- 
ted value 49.6 A*. The structure of one on the two films is therefore uni- 


vocally established. 

The experimental value 64.4 A*® suggests that in such condensed film 
the (1) molecules are tilted for respect to interface. In fact such value is 
intermediate between the limiting cross section areas of the molecole. 

In order to define the structure of this second film, the quantities hi- 
therto considered are obviously deficient. 

Let's see now it is possible to settle the question taking into considera 
tion the surface potential. 

c) Surface Potential. 

Table IV shows some values of the surface potential A V (difference 
between electromotive force with a film-covered surface and the electro- 
motive force with a clean surface of liquid), the areas per molecule, and 
the value of the vertical component of the dipole moment calculated ac- 
cording to the known equation: A V = 4 x» uy). 

It is noteworthy to remark: 

rhe angle of 39° is inferable from the ratio between the vertical com- 
ponents of the dipole moments corresponding to the areas per molecule 
61.3 A and 49.6 A, 
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In the same way the angle of 39.5° is inferable from the ratio between 
the cross section area 49.6 A? and the measured area per molecole 64.3 A? 

[his agreement is not obtainable for any possible arrangement of (1) 
molecule on the surface. 

Che structure of the second film is established in the following way: 


TABLE V. 


TABLE V FILMS OF PHENYLAZO-?-NAPHTYAMINE 


Ni solutions on Cu solutions 


o2 2 
ACA) h &m) ACA) T (sec) 


214.60 3.30 
206 09 3.30 
198 24 3.50 
190.96 3.70 
184.19 3.55 

3.55 


214.60 
206.09 
198.24 
190.96 
184.19 


oo vv 


ou 


the (I) molecules are perpendicular to the interface, but tilted of 39° for 
respect to the arrangement of the first film. 


FILMS OF CHELATE COMPOUNDS OF PHENYLAZO-8NAPHTYLAMINE (I). 


Films of chelate compounds are formed by spreading the (I) on Ni- 
solutions under the above mentioned experimental conditions. 

I was able to notice, apart from the concentration of the supporting 
saltern solutions, a minimum in the height of the band of the reflected 
light and a maximum of the oscillation period of the torsional viscosimeter 
in correspondance with the area per molecule 190.9 A?*. 
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lhe average value of about 190 A? is obtained by spreading a solu- 
tion of the chelate compound on bidistilled water. 

Such a value agrees very well with the double area of planar section 
of (1) : 186.6 A*. 

rhe satisfactory agreement suggest the planar structure of the chelate. 
The arrangement of the chelate molecules, which form the film, are co- 
planar to the supporting surface. 

In the same way on Cu solutions | noticed a minimum in the height 
of the band of the reflected light and a maximum of the oscillation period 
of the torsional viscosimeter in correspondance with the area per mole- 
cule 190.9 A®, 

Consequently also the structure of such chelate is very likely planar. 

lable V shows the experimental data for the films of (1) on Ni-solu- 


tions as well as Cu-solutions. 
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STABILIZZAZIONE DI VALENZE E 


COMPOSTI NON COMUNI 
Stabilisation des valences et composés non communs 
Valency stabilisation and unusual compounds 


Wertigkeitsstabilisierung und ungewéhniiche Verbindungen 


The stabilisation of low valent states 


of the transition metals 


Introductory Lecture 


JOSEPH CHATI 


Imperial Chemical Industries Ltd, Akers Research Laboratories 


The Frythe, Welwyn, Herts England 


Summary: The ligands most effective in stabil 5 ¥ valent state re uncharged 


ligands where carbon is the ligand atom, ¢. ¢ j ul Cyil,, tertiary phosphines, 


irsines and chelate heterocyclic amines. Anionic ligand CN mad Re ire much 
less effective 

All the factors which affect the stabilities of comy ‘ must influence the stabilisa 
tion of unusual valent states of the transition metals. 1 ost important is the formation 
of r-type molecular orvitals between the metal and liga toms. When the ligand orbitals 
ure of low energy and are vacant the bonding t-type molecular orbitals can contain the 
electrons from the d-orbitals of the metal, and those added during the reduction of the com- 
plex until they are all filled. In this way very low valet tates of the metal atom can be 
stabilised. On the other hand, if the ligand orLitals are { i they provide enough electrons 
to fill the m-type molecular orbitals and the metal electrons are forced into higher energy 
intibonding orbitals from which some may be readily re ed by oxidation, and so higher 
valent states are stabilised. The electronegativities of | gand atoms are an important 
secondary factor, because high electronegativily causes e above processes to be most 
effective in valency stabilisation. Thus the most elect gative ligand atoms of their 


types, viz. Cand / stabilise the lowest and the highest t states respectively 


The 1950's have seen some very interesting developments in the sta- 
bilisation of Jow valent states of the transition metals and particularly 
we have seen the production of many new compounds having those me- 
tals in the zerovalent state. Most of these compounds contain the metal 
atom surrounded by uncharged ligands. They are then completely covalent 
compounds of low polarity, and as a bridge between inorganic and organic 
chemistry they are now attracting the attention of chemists in both fields. 
Italian chemists have played a very worthy part in these developments 
on the one hand we have the isolation of many new compounds contai- 
ning metals of the chromium to nickel Groups in the zero and other low 
valent states by Professor Malatesta and his co-workers; on the other 
Professor Natta’s applications of compounds containing titanium, vana- 
dium and similar metals in low valent states to the development of 
industrial processes for the production of commercially valuable isotactic 
polymers. 

The purpose of this review is to consider briefly developments during 
the last few years and what general trends are emerging regarding the 
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nature of the ligands which are effective in the stabilisation of low valent 
states. We shall be concerned, therefore, only with definite compounds 
rather than the less well-defined materials used in isotactic polyme- 
risation. 

There are two concepts which occur frequently in the discussion of 
complex compounds, namely the valency of the central metal atom and 
the stability of compounds. In order to avoid confusion I propose to give 
here the definitions which I have adopted for this review. A simple co-ordi- 
nation compound is an assemblage of cations (total charge + m), unchar- 
ged molecules, anions (total charge — n), and the nuclear or central metal 
atom, M. The valency of M is equal to (n—m) which is also the oxidation 
number of the metal. For example, in A,Ni(CN),, m =n 1 and the 
valency of the nickel atom is zero, and in [R. (CO), (PPhA,),|Cl, m = 0,n = 1 
and the valency of rhenium is 1. If the compound contains more than one 
nuciear atom, (n — m) must be divided between the nuclear atoms in a 
way to be determined from the properties of the compound. This division 
may not be obvious, e. g. there is a compound Fe,en,(CO),, where n—-m 
= ( and the iron atoms appear to be zero valent. In fact, the compound is 
a salt of the formula [Feen,]** [Fc(CO),)°~ and can be seen to contain 
iron atoms of valency + 2 and — 2. Even this simple definition of valency, 
which makes no demand on modern chemical theory, may not give an 


unequivocal value for the valency of M in some special cases, as when 


hydrogen is attached to the metal and it is uncertain whether it is cationic 
or anionic in character, or when acetylene is contained in the complex 
and it is uncertain whether it should be treated as a hydrocarbon or as 
an anion with n y & 

Stability also needs definition. We say that a compounds is stable 
when it resists chemical change, whether it be by heat, hydrolysis, oxidation, 
reduction or any other process. In this review we are concerned particu- 
larly with resistance to oxidation. Thermal stability is a more secondary 
consideration and indeed many complexes of metals in low valent states, 
e.g. the metal carbonyls, are not very resistant to the action of heat but 
have moderate to good hydrolytic stability. In this respect they contrast 
with compounds of the same metals in their highest valent states, e.g. in 
the complex fluorides. 

When we speak of low valent states we mean lower than « normal » 
and by «normal » valent states we mean those states of the metals which 
are stable when they occur in aqueous solutions as salts of the common 
acids such as sulphuric, nitric and hydrochloric acids. The transition 
metals in Groups IV to VIII have no normal valency states lower than 
divalent and so | propose to restrict this review to valency states lower 
than 2. 
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VALENCY STABILISATION AND THE 
STABILITIES OF COMPLEXES. 


The stabilisation of unusual valent states has often been treated 
from a consideration of the change produced in the redox potential of a 
solution of the salt of a multivalent metal, when complexing agents are 
added to the solution. This is very relevant to our problem, but since there 
are many excellent reviews from this particular standpoint, I do not pro- 
pose to pursue it very far [1]. This is a thermodynamic approach, which 
leads us to the somewhat obvious conclusion that a ligand stabilises a 
particular valent state of a metal by forming stronger compounds with the 
metal in that valent state, than are formed with it in other valent states. 
This is immediately evident from the Nernst equation 


In{M**|/||[M™*], (n> m). 
nk 
In this equation E is the potential of a redox electrode in a solution of 
salts of the metal M in the valency states M"* and M™*. The signs in the 
equation are such that the higher the value of E the more stable is the lo- 
wer valency state. Any reagent which lowers the concentration of M™* re- 
lative to that of M"*. e.g. by forming stronger complexes with M™* than 
with M"*, will cause the value of E to rise, and M"* to be more readily re- 
duced to M™*. This approach does not tell us why the ligand forms strong- 
er complexes with the metal or anything about the oxidation-reduction 
process, but it can be used to relate stability constants to changes in redox 
potentials. It shows that all factors which affect the stabilities of complexes 
will produce changes in redox potentials, and so stabilise one valent state 
relative to another. These factors may be fundamental depending upon 
the bonds between the metal and ligand, or extraneous in the sense that 
the steric effects of ligands are extraneous. However, when we consider 
the extremes of low and high valencies, both of which can be stabilised by 
monodentate ligands, bonding effects are by far the most important. 


THE OCCURRENCE OF LOW VALENT STATES. 


The very lowest valent states are poorly represented; they usually 
occur in the carbonyl hydrides which are not always well characterised. 
Manganese (— 3) in MnH, (CO), is the lowest possibility which has been 
reported [2]. The divalent states are also known in the carbonyl hydrides 
and related anions, e.g. CrH,(CO),, FeH,(CO),, RuH,(CO), and Osl1,(CO), 
and although there may be some doubt about the valency of the metal 
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in the hydrides, there can be none about that in the anion such as 
[Fe(CO),]*— which is well established [3]. 
Compounds containing the metal with a valency of — 1 are also rare, 


but it seems probable that many more will be found particularly in the va- 
nadium and cobalt Groups and perhaps also the titanium and manganese 
Groups as soon as chemists start to look for them. Those known at present 
occur in carbonyl hydrides, e.g. MnIl(CO),, Rell(CO),;, Coll(CO),, Fe, 
H.(CO),, RhH(CO),, Irll(CO), and Ni,H,(CO),. Of these, the cobalt com- 
pound and its anion are very well established [3]. Amongst compounds 
which are not carbonyls, vanadium(—1) [4] occurs in [V(dipy),]~ and 
rhenium(— 1) in e.g. AK[Re(H7,0),| [5]. 

Compounds of metals in the zero valent state are now becoming com- 
paratively common, and all the metals in table 1 occur in some compound 
where they have a valency of zero. The chromium and nickel Groups are 
most prolific in producing zero valent metal compounds, 


The univalent is the most common of the valency states under review; 
it occurs particularly in the manganese, cobalt and copper Groups and in 
the latter is the «normal » valency state common to all three members 
of the Group. 


COMPOUNDS CONTAINING METALS IN 
THEIR LOW VALENT STATES. 


The complexes of the metals in their low valent states have very much 
in common and can be treated together. This uniformity occurs because 
with very few exceptions they are diamagnetic and have all their d-orbi- 
tals filled or used in the formation of o-bonds to the ligand atoms. To fa- 
miliarise the reader with the types of compounds which are formed by 
metals in low valent states we shall consider a few general chemical pro- 
perties and return later to the problem of structure. I have chosen the zero 
valent state as typical. 

PREPARATION OF COMPLEXES OF METALS 


IN ZERO VALENT STATES. 


A compound containing a metal in the zero valent state can be formed 
from the metal atom, at least hypothetically, without oxidation of the 
metal. This, however, can rarely be realised, the only examples of prac- 
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tical value being the preparation of nickel and iron carbonyls by the direct 
reaction [6] (but see ref. 24). 


e.g. Ni + 4CO > Ni(CO), 


Usually compounds of metals in zero valent states are obtained by the 
reduction of some « normal » compound of the metal in the presence of li- 
gands which stabilise the low valent states. 

The least stable compounds are often prepared in liquid ammonia 
using an alkali metal as reducing agent, potassium being most commonly 
employed. .e.g. 


K,Ni(CN), + 2K —-»+ K,[Ni(CN),] [7] 
| PUNH,),)Cl. 2K —-+ [Pt(NH,),] + 2KCl [8] 
K,Ni(C = CR), + 2K —+ K,Ni(C = CR), [9] 


$ 


The above products are immediately destroyed on contact with air; 
the platinum compound decomposes at 33° C., and A,Ni(C CH), 
is pyrophoric. 

More often only mild reducing agents are necessary and there are 
three variants of their use. 

(a) The ligand itself acts as a reducing agent, e.g. CO, PANC, PPh,. 

(6) The metal salt acts as a reducing agent, e.g. Cr(CH,CO,), 

(c) A reducing agent is purposely added, e.g. Cu,Mg, N,H,. 


(a) Since most ligands which stabilise low valent states are themselves 


reducing agents, this method is commonly employed. The reaction of 
metal oxides with carbon monoxide at 200° C and 200 atmospheres pres- 


sure is a special example of this. 


OsO, + 9CO—+0Os(CO), + 4CO, [3] 
Re,O, + 17CO —~+ Re,(CO),,. + 7C0, [3] 


Indeed it provides the only practical route to osmium and rhenium 
carbonyls [3]. 

Milder conditions of reaction often suffice and many preparations can 
be effected in aqueous, alcoholic or other solutions or suspensions, usually 
under alkaline conditions, and with the ligand in excess, e.g. 


Pd(RNC),1, + RNC + 2KOH —-+ Pd(CNR), + RNCO + 2KI + H,0 [10] 
Na,PICl, + 2KOH + 5PPh, —-+ Pt(PPh,), + 2NaCl + 2KCl + Ph,PO 
H,O |11} 
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(b) The metal salt may itself act as reducing agent by valency dispro- 


portionation, ¢.g. 
I8SPANC + 3Cr(CH,CO,) > Cr(PANC), + 2[Cr(CNR),.} [CH,COg], [12] 
2NiCN + 4C0O > NUCO), + NUCN), 


(c) The use of an added reducing agent is commonly employed in a 


variety of solvents, alcohol, water or acetic acid being the most usual, e.g. 


3NiCl, + NaS + 12CO + 6NaOH —~+ 3Ni(CO), + Na,SO, + 6NaCl 
3H,0 [13] 


2Ni(CH,CO,), + 8MeNC + N.H, + 4KOH —+2Ni(CNMe), + 4CH,CO,K 
N, + 4H,O [12] 


2MoCl, + 6PhNC + 3Mg + (CH,CO,H) —+ 2Mo(CNPh), + 3MgCl, 
(CH,CO.H) [12] 


1C,H, + 3Zn + 2CrCl, (+ AICI,) — + 2Cr(CyH,), + 3ZnCl, (+ AICI,) [14] 
| Vdipy,|** + Zn >| Vdipy,| + Zn** [15] 


The well known high pressure synthesis of metal carbonyls is a spe- 
cial example of this type of reaction occurring in the absence of solvents, e.g. 


WCI, + 6Cu + 12CO —+ W(CO), + 6COCuCI [3] 


The above methods can occasionally give products containing more 
than one type of ligand, such as CoNO(CO),, and Fe(NO)(CNR), which 
are obtained by the action of carbon monoxide and an isonitrile respecti- 
vely on appropriate nitrosyl complexes. Mixed complexes are more often 
obtained by displacement reactions. Some typical displacement reactions 
involving complete and partial displacement are as follows. 


Ni(CO), + 4CNPh —+ Ni(CNPh), + 4CO [16] 


M(CO), + 6p-CNC,H,OMe > M(CO),CNC,H,OMe + 6Co 
(M = Cr, Mo and W) [17] 


Ni(CO), + 4PCl, —+ Ni(PCI,), 1CO [18] 
Co(CO),NO + KCN —+ K[Co(CO),NOCN] + CO [19] 
Ni(CO), + PPh, —+ NiPPh,(CO), + CO [20] 


Fe(NO),(CO), + 2CNR —= F.(NO)(CNR), + 2C0 [21] 
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It is interesting that Ni (PF,),, which could not be prepared by the 
direct reaction of PF, on freshly reduced nickel, nor by the displacement 
of carbon monoxide from Ni(CO), [22] was prepared by the displacement 
of PCI, from Ni(PCl,), [23], Ni(PCl,), is readily prepared by the displace- 
ment reaction above. Ni(PF,), is thermally more stable than Ni(CO),. 
Only Ni(PMeCl,),, of the phosphine compounds of Ni(O) has been obtai- 
ned by the reaction of the ligand with the metal [24]. 


PROPERTIES OF COMPLEXES OF METALS 


IN I ¥Y VALENT STATES. 


Most of the compounds are only moderately stable to heat, moisture 
and oxidation, especially when they are in solution. The most stable com- 
pounds of zero valent metals are those of the chromium Group. Mononu- 
clear compounds, when they are not salts and have an outer envelope of 
very electronegative atoms, are remarkably volatile, especially the mono- 
nuclear carbonyls and nitrosylearbonyls, e.g. Ni(CO), and Fr(NO),(CO),, 
the carbonyl hydrides, e.g. Coll(CO),, and Ni(PF,),. These are volatile li- 
quids; the hexacarbonyls of the chromium Group and such compounds as 
Re(CO),Cl are sublimable solids. Dibenzenechromium can also be sublimed. 
lhe complexes containing only isonitriles, triphenylphosphine phosphorus 
trichloride, and similar ligands are not volatile, nor are most of the poly- 


nuclear complexes. 


STRUCTURAL CHARACTERISTICS OF COMPLEXES 
OF METALS IN LOW VALENT STATES. 


It is the rule that electron spins are paired in all low valent metal 
complexes whenever this is possible. Where the mononuclear complex would 
have an unpaired spin, pairing is usually achieved by dimerisation. Very 
infrequently tompounds have been found with one unpaired electron as 
in the V(dipy), and [Cr(C,/,),|*. [25, 14]. Such compounds occur to the 
left of Group VII and it is probable that more will be found here when the 
titanium, vanadium and chromium Groups become better known. When 
all spins are paired the d-orbitals must be filled or used in forming o-bonds 
to the ligands and so the E.A.N. (effective atomic number) rule must be 
very closely followed. If the E.A.N. of the next inert gas were exceeded, 
the additional electrons would have to enter higher energy orbitals and 
so would be readily removed by oxidation. 

Exceptions to the E.A.N. rule are of two types. There are those which 
occur in the very early Groups of the transition series as noted above, where 
there are electron vacancies in the d-shell, and those which are found in 
increasing numbers as one passes through the cobalt, nickel and copper 
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Groups. In these the cause is the presence of unused p-orbitals in the va 
lency shell. In the common octahedral and tetrahedral complexes all th 
p-orbitals are used in forming bonds to the ligands, but sometimes, as 
in square planar, dsp*, trigonal, sp~, and linear, sp, complexes, such as 
{RA(CNR),|*, Pd[P(4-CIC,H,),|, and [Ag(NH,),|* one or two p-orbitals 
remain vacant. 

Using the fact that electron spins are paired whenever it is possible 
and that the E.A.N. of the next inert gas cannot be exceeded in stable low 
valent metal compounds, one can calculate the maximum number of elec- 
tron pair ligands, which can be accommodated by each metal atom in its 
lowest valent states. Thus the iron atom with an Atomic Number of 26 
needs 10 electrons to reach the E.A.N. of krypton. This can be accomplished 
by the attachment of 5 electron pair ligands. Thus 5 is the maximum 
o-ordination number of iron in the zero valent state. If the metal has an 
odd Atomic Number (e.g. Co At. No. 27) the E.A.N. of the next inert 
gas cannot be attained by electron pair ligands because it requires 9 ele 
tions which is equivalent to 4 )4 ligand atoms. To obtain electron pal- 
ring therefore the Co(Q) complex must dimerise as in Co,(CO),. Alternati- 
vely, the three electron donor NO might be used to produce a mononuclear 
complex as in Co(CO),NO which is isoelectronic with Ni(CO),, alternatively 
a hydrogen atom may enter the complex, effectively increasing the Atomi 
Number of the metal by one unit to give such compounds as CoH(CO),, 
also isoelectronic with Ni(CO),. Dimerisation to effect electron pairing | 
therefore very common with metals of odd Atomic Number in their zero 
valent complexes, and of metals of even Atomic Number in the rather rare 
complexes in which they have valencies of — 1 or l. 


Using the above very simple rules, namely that all electron spins must 


be paired and the E.A.N. of the next inert gas must not be exceeded, a ta- 
ble showing the fundamental structural characteristics of all the simpler 
compounds of the transition metals in their lowest valent-states can be 
compiled (Table 2). 

rhe fact that examples are known of all the types which this predicts 
and that exceptions if there are any, are very rare, illustrates the fundamen 
tal nature of these two rules. To show how closely the pattern of co- 
ordination laid down by these rules is followed, a table of carbonyl com- 
pounds is given (Table 3). It is essentially that of Hieber[3] with the add- 
ition of niaanganese carbonyl. Where the carbonyls of metals are unknown, 
other simple compounds of electron pair ligands with those metals in 
their zero valent states have been substituted. 

The table illustrates (1) the fall in co-ordination number with increas- 
ing Atomic Number along each transition series, (2) the dimerisation of 
complexes containing zero valent metal atoms of odd Atomic Number, (3) 
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idherence to the E.A.N. rule of Sidgwick except in the vanadium, 


ind platinum complexes. 


TABLE ; The metal carbonyls and some related compounds. 


Group VIII 


ACO Vintce : et 
’ Ini¢ Ys le ] CO), Nico), 
vellow: | colourless; 
m. p. 


i m. p. —2t; 
dD. Pp. 


b. p. 1030 


colourless; golden-yellow ; 

sublimes m. p. 15 
sublimes 

é f Oo 4 

mii Ns Cott ale 


golden-vellow ; 


le« m0 


orange-red; 


e( Cl 
{J ( als 


black; 


green, 
dec. 60 


dec. 140) 
crystalline 


Ru( CO), Pd(PPh,),'¢- 4 
colourless Pd( PAry)4 
Mm. Pp. -22 

liquid 


Rhi ¢ O), 2 


(ct 
| (OO) 
orange; 


orange, 


sublimes m 


Ru(CO),\, Rh(CO),4) n® 


green, 


red; 


ervstalline sublimes 


Rh (CO) hy 
black; 


dec. ca. 200 


. Os(CO), PU PPh,),{4 
colourless; colourless; [Pt 0-~(CyH,As Mey),, 
m. p. ca. -15 PPh,} 
PUPPhy,), 


liquuid 


Wi(co) 


sublimes 


Iri¢ Ovals 


Os,(CO), 
yellow-green; 


Re(¢ Os : 
colourless vellow: 
m. p. 177 m. p. 224 sublimes 
sublimes sublimes 
[ Ir(CO),)} n 
canary-yvyellow ; 


dec. 210° 


In Group V there is [1 dipy,| S. Herzoc, « Naturwiss «., 48, 35 (1956). 
rhere is some evidence for the existence of a volatile copper carbonyl! (H. Bioom, « Nature +, 159, 539 
(1947 

0. Brim, M. A. Lyncu and W. J. Sesny, « J. Amer. Chem. Soc. +, 76, 3831 (1954). 


appears to be about 4 
ind (Miss) M. ANGOLETTA, 
Lincei, Classe di Sci, fis., mat., 


, 1186 (1957) 
nat., », 19, 43 (1955). 
Soc, +, 208 (1957). 


L.. MALATESTA J. Chem, Soc 


ibid., « Rend. Accad. Naz 
J. Cnatr, G. A. Rowe and A. A. Witiiams, « Proc. Chem 
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Another type of polymerisation not shown in these tables occurs parti- 
cularly among the complexes of metals in univalent (and higher) states. 
This polymerisation — usually dimerisation — occurs to allow the metal to 
reach a stable co-ordination number by bridging through the univalent acid 
radicals. Thus Co(CO),SEt might have had dsp*-hybridisation and obeyed 
the essential rules above, but not the E.A.N. rule. Nevertheless, it dimer- 
ises and so obeys the E.A.N. rule as well. Similarly, (AsEt,)Cul could 
exist as a linear sp-hybridised complex and obey the essential two rules. 
In fact it obeys the E.A.N. rule as well and exists a tetramer in the solid 
state [26]. On the other hand its gold analogue is monomeric [27]. When 
there are alternative structures of this kind, the E.A.N. rule is quite fre- 
quently broken. It is broken more often by the heavier metals than by 
the metals of the first transition series, as in the example of the cuprous 
and aurous compounds above. A further example is provided by the iso- 
nitrile complexes of cobalt and rhodium, [Co(CNR),|* obeys the E.A.N. 
rule [28], but its closest analogue [Rh(CNR),|* does not. [29]. 


[HE CAUSE OF THE STABILISATION 
OF UNUSUAL VALENCY STATES. 


When we come te enquire why some ligands stabilise low valent states 
and others high valent states we find that two ideas prevail. 

(1) That the stabilisation of low valent states is essentially a m-bond 
effect (dative x-bonding, etc.); This was suggested by Pauling [30] to 
explain the stability of the metal carbonyls and has since been extended 
to include phosphines and similar ligands [31, 22, 32, 33]. 

(2) That the stabilisation of high valency states is essentially a 
o-bond effect associated with the electronegativity of the ligand atom, 
and that the more highly electronegative the ligand atom, the better it is 
in stabilising high valent states. 

Since these two types of valency stabilisation are extremes of the 
same phenomenon, only one explanation should be necessary to account 
for both. I consider that explanation (1) is nearer to the truth than (2), 
and that it applies to both types of valency stabilisation. We shall there- 
fore first consider the effect of electronegativity on valency stabilisation. 


ELECTRONEGATIVITY OF THE LIGAND ATOM 


AND VALENCY STABILISATION. 


The fluoride ion is undoubtedly the most electronegative of the an- 
ionic ligands and it stabilises the highest valent states; carbon monoxide 
is also very electronegative. In so far as its inability to form salts with 
acids and its ionisation potential of 14.1 e V [34] are a measure of its re- 
sistance to donate electrons and so of its electronegativity this can be seen 
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to be very much greater than those of the common uncharged ligands 
such as water (12.6 e V) [35], ammonia (10.8 e V) [35], pyridine (9.8 e V) 
[36] and dimethyl sulphide (9.4 e V) [35]. Thus if highly electronegative 
ligand atoms stabilise the higher valent states, carbon monoxide should 
certainly stabilise higher valent states than the common uncharged ligands. 
rhis is contrary to all experience, for carbon monoxide stabilises the lowest 
valencies. Thus we have the two most electronegative ligands of their types, 
anionic and uncharged, one the best stabiliser of high and the other of low 
valent states 

Let us consider how we would expect the electronegativity of the 
ligand atom to act upon the o-bond and so affect the redox potentials bet- 
ween different valent states. The electronegative ligand atom is by definit- 
ion a poor electron donor, and when it forms a complex compound it 
will tend to withhold the electrons which form the co-ordinate bond. This 
electron withholding, which increases with the electronegativity of the 


ligand atom has been demonstrated spectroscopically for a variety of lig- 
and atoms (N, P, As, Sb, S, Se and Te) ina series of similar platinous [37] 
and palladous complexes [38]. It must reduce the electron density at the 


metal atom so making it more receptive of electrons from outside, L.e. it 
should tend to stabilise the low valent states of the metal atom. 

There must be a limit to this type of low valency stabilisation because 
ry poor electron donors e.g. N, do not form complexes at all, and rather 
‘tter electron donors can be attracted to the metal ion only when the 

ionic charge is high enough. Nevertheless, a slight stabilisation of the lower 
relative to the upper valent state attributable to the increased electro 
negativity of the ligand atoms has been observed over limited ranges of 
electronegativity in electron paired complexes. Thus Ewens [39] showed 
that the more electron attracting the substituent in the organic ligand the 
greater the redox potentials of substituted tris-phenanthroline ferrous 
complexes, and Ahrland and Chatt, [40] considering a simple series of 
similar platinous complexes containing the ligand atoms, N, S, and P again 
found that the lower valent state was stabilised by the more electronega- 
tive ligand atoms. To carry this idea to its logical conclusion, we see that 
the more highly electronegative the ligand, the better it should stabilise 
low valent states. This is in agreement with the fact that carbon monoxide 
stabilises the very lowest valent states, but conflicts with our knowledge 
of the halide ions whose electronegativity and capacity to stabilise higher 
valent states increase together. 

Electronegativity of the ligand atom, whilst it is important, is evi- 
dently not an overriding factor. The correlation between electronegativity 
and valency stabilisation appears to be that high electronegativity of the 
ligand atom helps the stabilisation of the extremes of valency, both high 


and low. 
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occupy the low energy bonding x-type orbitals, and if the relative energy 
levels of the metal and ligand orbitals are favourable, the addition of 
further electrons into these low energy orbitals is possible until all of 
the bonding orbitals are filled. The number of electrons needed to do this 
is just the number required to fill all the d-orbitals which are on the cen- 


tral metal atom but not used in o-bonding. 

It is important to emphasise, however, that the electrons added in 
the reduction to low valent metal complexes do not enter the d-orbitals 
of the metal but rather the x-type molecular orbitals formed from them. 
These cover the metal atom and the ligand atoms, or in the case of conjug- 
ated ligands the whole ligand molecule [47]. They are those involved in 
the now familiar dative z-bonds. The lower the energy of the vacant orb- 
ital on the ligand the more effectively the electrons will be «fed back » from 
the metal d-orbital through the z-bonding orbital to the ligand atom. 
Hence, when the ligand atom is very electronegative, as in CO, and in 
PF,, where the electronegativities of the carbon and phosphorus atoms are 
enhanced by the more highly electronegative oxygen and fluorine atoms 
respectively, the stabilisation of low valent states is especially favoured. 
The effectiveness of the « feed back », whereby the ligands in low valent 
metal complexes remove the negative charge from the metal atom, is shown 
by the low dipole moment of Co(CO),NO. NO is a three electron donor and 
CO an electron pair donor. If the electrons really were transferred to the 
metal atom by the ligands and then shared equally between the metal 
and the ligand from which they originated, the moment would be about 
1.3. D. In fact it is 0.43 D, [42] which shows how effectively the electroneu- 
trality of metal and ligand atoms is preserved. 

The addition of electrons to the bonding x-molecular orbitals of the 
complex during reduction stabilises the complex in two ways, (a) by filling 
the bonding orbitals, and (b) by reducing the effective electronegativity 
of the ligand atom so that it donates its lone pair to the metal more strong- 
ly. It can only be by such mechanisms as this that carbon monoxide with 
its high ionisation potential can act as an electron pair donor at all. 


LIGANDS WITH FILLED ORBITALS. 


When the orbitals on the ligand atoms are filled (and here we may cons- 
ider only the p-type of orbital on the ligand) they themselves have suffi- 
cient electrons to fill all the bonding x-type orbitals and the electrons no- 
minally in the d-orbitals of the metal ion must occupy higher energy anti- 
bonding orbitals from which they are more easily removed by oxidation. In 
this case the complex is readily oxidised and we say that high valent states 
of the central metal atom have been stabilised. Here we need to emphasise 
that the electrons are really being removed from antibonding molecular 
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orbitals rather than the pure d-orbitals of the metal atom. This type of in- 
teraction between the metal and ligand orbitals will be most marked in 
complexes of ligand atoms with lone pairs in addition to that used in for- 
ming the o-co-ordinate bond and with no vacant orbitals in the valency 
shell, e.g. the ligands 1,0,(OH)~ and F~—. The lone pair electrons will tend 
to drift towards the metal through the bonding zx-molecular orbitals, 
especially if the metal formally carries a large positive charge. However, 
the high electronegativity of the ligand atom will counteract this tendency 
and the lone pair will remain associated mainly with the ligand atom 
whilst the antibonding orbitals, usually singly occupied by the electrons, 
will be largely on the metal atom. This is true in the paramagnetic [/rCi,]*~ 


2 


and [/rBr,|°— where the electron vacancy spends only 3% of its time on 


each halogen atom and the remainder on the metal atom [43]. 


The stabilisation of high valency states may therefore be regarded as 
a result of lone pair repulsion, the electrons in the lone pairs of the ligands 
repelling the electrons in the d,,-, d,,- and d,,- orbitals of the metals, so 
making their removal more easy, i.e. rendering the complex more easily 
oxidised. It seems evident that ligand atoms with a short M—L dis- 
tance and difficultly polarisable lone pairs will be most effective in repelling 
electrons in the d,,-type of orbital on the metal, i.e. small, very elec- 


tronegative ligand atoms with lone pairs should be most effective in sta- 


‘ 


bilising high valent states of the central atom. 
Thus we see how very electronegative ligand atoms with vacant x-type 
orbitals can stabilise low valent states and those with filled x-type orbitals 


can stabilise high valent states. 


LIGANDS WITH BOTH FILLED 


AND VACANT ORBITALS. 


Many ligand atoms have both lone pairs and vacant orbitals. All the 
following have vacant d- and filled p-orbitals: - S, Se, Te, Cl-, Br~ and 
I~. These ligand atoms are usually not very effective in stabilising unusual 
valencies, but on the whole tend to stabilise the lower rather than the 
higher valent states. This is a fortuitous result of the arbitrary choice of 

normal » valent states, which are those stable when the metal ions are in 
aqueous solution, where the usual valency is higher than the mean in the 
case of most transition metals. 


LIGANDS WHICH STABILISE BOTH LOW 


AN HIGH VALENT STATES. 


Chere is a third type of ligand which stabilises both low and high va- 
lent states. Its members are strongly co-ordinating and usually chelate. 
rhere are two sub-groups of these; the first contains ligands having the less 
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electronegative ligand atoms with vacant d-orbitals such as phosphorus 
and arsenic, and the second the heterocyclic ligands. [The former stabili- 
ses the lower valent states in the manner discussed above. One of the most 
studied ligands of this sub-group is 0-C,H,(AsMe,)., [44] and an example 
s stabilisation of a low valent state is provi ) he very stable 
complex | Pto-C,/11,AsMe.,PPh,|° [45]. It stabilises high valent states by 
lorming spin paired complexes in which the metal 1 normal valent 
ate but has a co-ordination number higher than the maximum allowed 
by the k.A.N. rule, and so contains more electrons than the next inert gas. 
[hese extra electrons must enter high energy orbitals from where they 
readily removed by oxidation. The electron pairing is caused by effec- 
dative z-bonding which, paradoxically is also th ise of low valency 
lisation. The best known example of this type of valency stabilisation 
vided by [Ni} 0-C,H, (AsMe.), (,1** [46]. 
Che heterocyclic ligands stabilise both low and high valent states 
because the readily polarisable z-electronic system can adjust the electron 
lensity on the metal atom either by receiving electrons from it, or giving 
electrons to it. The electron drift occurs through a x-molecular orbital 
covering the whole of the x-system of the ligands and metal atom [47], 
ind so helping to preserve electroneutrality. As examples we have the 
stabilisation of V(-1) in | Vdipy,|~ and Ag (1/) in |Agdipy,]|**. 
(he author thanks Mr. B.C. Vickery for his considerable assistance 
in making the literature search on which this paper is based, and Dr. P.G. 


Owston for useful criticism of the manuscript. 
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Stabilisierung hoher Valenzstufen 


illgemeine Vorlesung 


WILHELM KLEMM 


\norganisch-Chemisches Institut der Universitat Minster Deutschland 


Zusammenfassung: ice Stabilisierung hoher Valenzstufen wird vorwiegend am 
Beispiel der Fluoro- und Oxokomplexe der UObergangselemente besprochen. In beiden 
Fallen ist die lonisierungsenergie neben anderen Konstanten des Zentralions bestimmend, 
doch spielt auch die Wahl des Kations eine Rolle; die Stabilisierung hoher Oxydations 
stufen nimmt von den Kaliurm- zu den Caesiumverbindungen zu. In vielen Fallen ist auch 
das Verhdltnis von Alkali- bzw. Erdalkalimetall zu Schwermetall von massgebendem Fin- 


fluss darauf, welche Valenzstufe stabilisiert wird 


Dass man unbestandige Stoffe durch Komplexbildung stabilisieren 
kann, ist eine alte Erfahrung. W. Biltz hat 1927 in einer zusammenfas- 
senden Arbeit einige wichtige Beispiele fiir diese Stabilisierung behandelt. 
Diese kann alle méglichen Stofftypen betreffen, z.B. die Stabilisierung von 
Brom- oder Jod-Stickstoff durch die Anlagerung von Ammoniak, die Sta- 
bilisierung durch Komplexbildung u.a.m. Eine besondere Bedeutung hat 
aber diese Stabilisierung fiir die Darstellung von Verbindungen hdéherer 
Oxydationsstufen. So ist z.B. CoCl, zum mindesten im festen Zustand 
nicht bestandig. Dagegen gibt es sehr viele Ammoniakate und andere Kom- 
plexverbindungen, die dreiwertiges Kobalt und Chlor enthalten. 

Es sind mehrere Elementgruppen, bei denen eine solche Stabilisierung 
héherer Oxydationsstufen in Frage kommt. Sie kann sowohl Anionen als 
auch Kationen betreffen. Ohne wesentliches Interesse sind hier die Ele- 
mente, die Kationen mit Edelgaskonfiguration bilden, weil bei diesen Ver- 
bindungen in der iberwiegenden Mehrzahl der Falle nur eine Oxydations- 
stufe in Frage kommt. Wenn tiberhaupt andere Wertigkeiten auftreten, 
so sind es niedrige, die sich dann aber nur in unbestandigen Verbindungen 
finden (z.B. einwertiges Aluminium). 

Anders liegen die Verhaltnisse schon bei den Nichtmetallen, die zwar 
vorzugsweise Anionen mit Edelgaskonfiguration bilden, daneben aber auch 
in wechselnden « positiven » Oxydationsstufen vorkommen. So sind z.B. 
die Alkalisalze der verschiedenen Chlor-Sauerstoff-Sauren wesentlich be- 
standiger als die dazu gehérigen Anhydride, so weit diese iberhaupt dar- 
stellbar sind. Dabei gilt als Regel, dass soleche Komplexe mit den schwe- 
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ren Alkalimetallen bestandiger sind als etwa mit Natrium und Lithium. 
Eine besonders geringe Bestandigkeit besitzen die freien Sauren, also die 
Wasserstoffverbindungen. Aber auch hier ist die Bestandigkeit noch im- 
mer grésser als die der Anhydride. Man vergleiche z.B. N,O, und HNO, 
Das Gebiet, bei dem wechselnde Wertigkeiten die grésste Rolle spielen, 
sind die Uebergangselemente vom Scandium zum Kupfer und die entspre- 
chenden Elemente der héheren Perioden. Es sind das gleichzeitig die Ele- 
mente, bei denen man in grosser Zahl Komplexverbindungen findet. Fer- 
ner besagt eine alte Erfahrung, dass bei den einfachen Verbindungen sol- 
cher Elemente die héchsten Wertigkeitsstufen bei den Oxyden und Fluo- 
riden gefunden werden. Es ist daher zu erwarten, dass man durch Kom- 
plexverbindungen die héchsten Wertigkeitsstufen auch bei den komplexen 
Fluoriden und Oxyden finden wird. Dabei ergibt sich von vornherein ein 
Unterschied: Soweit man Komplexe mit der Koordinationszahl 6 betrachtet, 
eine Zahl, die nur bei sehr grossen Zentralatomen tiberschritten wird, sind 
hier die Fluorkomplexe gegeniiber den Oxokomplexen im Nachteil, denn 
man sieht leicht ein, dass die héchste Oxydationsstufe, die man in Fluor- 
komplexen stabilisieren kann, +5 ist, wahrend bei Oxokomplexen bei der 
Koordinationszah| 6 sogar die Stufe +11 grundsatzlich noch stabilisiert 
werden kénnte. So hohe Oxydationsstufen kommen zwar nicht vor und 
Oxokomplexe haben auch vielfach nur die Koordinationszahl 4, aber im- 
merhin lasst sich auch dann noch die Oxydationsstufe +7 stabilisieren. 

Ueber solche Fluoro- und Oxokomplexe ist in den letzten Jahren an 
verschiedenen Stellen gearbeitet worden. Bei Fluorokomplexen darf ich be- 
sonders die Namen Sharpe, Robinson, Peacock und Bode, bei Oxokom- 
plexen vor allem Scholder nennen. Ausserdem haben wir uns in Minster 
ebenfalls mit beiden Verbindungsklassen beschaftigt. Im Folgenden wird 
zunichst iiber die Fluoro- und anschliessend iber Oxokomplexe berichtet: 


lL. FKLUOROKOMPLEXE. 


In den Tabellen 1 bis 3 sind einige der in den letzeten Jahren dar 
gestellten Fluorokomplexen der Alkalimetalle zusammengestellt. Ueber 
Fluorkomplexe der Erdalkalimetalle wird Herr Hoppe spater berichten, 
weshalb ich diese Verbindungen hier weglasse. Die Tabellen sind nach der 
Oxvdationsstufe des Zentralatoms geordnet. Man sieht, dass die Oxyda- 
tionsstufe 5 nur in wenigen Fillen vorkommt. Hier muss man z.T. schon 
spezielle Methoden anwenden, um diese Komplexe darstellen zu kénnen; 
bei der Umsetzung von Fiuor bei héheren Temperaturen mit anderen 


Komplexverbindungen oder mit Salzgemischen treten diese Stufen z.T. 
nicht auf. Ich darf hier z.B. an die schéne Arbeit von Peacock erinnern, 
bei der durch Umsetzung von Kel’, mit Kalium-Jodid in einem indiffe- 
renten Lésungsmittel Verbindungen wie Kiel, mit finfwertigem Rhe- 
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nium dargestellt worden sind, wahrend man bei direkter Fluorierung nach 
Weise nur Fluororhenate(IV) erhalt. Sehr haufig sind Komplexe mit der 
Oxydationsstufe 4. Auch die Oxydationsstufe 3 wird oft gefunden; aller- 
dings ist iber dreiwertige Verbindungen in letzter Zeit nicht so viel gear- 
beitet worden. 


TABELLE 1, Fluorokomplexe I 


(Zentralion fiinfwertig) 


TABELLE 2 Fluorokomplezxe I] 


(Zentralion vierwertig) 


Rb, Cs) 


Fernet 


K,mSnlV] K PbOINE,, Ky PelvVer, 


Ferner zeigen die Tabellen, dass es in der Tat durch Komplexbildung 
bei Fluoriden médglich ist, Oxydationsstufen zu stabilisieren, die sonst nur 


schwer zu erhalten sind: Ich nenne dreiwertiges Kupfer, vier- und drei- 


wertiges Nickel, vierwertiges Kobalt und vierwertiges Mangan. Dabei 
zeigt es sich, dass offensichtlich auch eine Abhangigkeit von der Art des 
Alkalimetalls besteht, die wir spater bei den Oxokomplexen noch deutli- 
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cher erkennen werden. So ist z. B. ein Komplex mit vierwertigem Ko- 
halt bisher nur bei der Caesiumverbindung erhalten worden. Andererseits 
konnte die dreiwertige Nickelverbindung bisher nur mit Kalium dargestellt 
werden; mit Caesium bildet sich hier die vierwertige Stufe so leicht, dass 
man die dreiwertige noch nicht erhalten konnte. Ein socher Einfluss des 
Kations ist ja ganz allgemein bekannt und schon im Anfang erwahnt wor- 
den. 
TABELLE. 3 Fluorokomplexe II] 
(Zentralion dreiwertig) 
VWnllly 
I, jp Mintle, 


Illy KFelllp, 


\uf der anderen Seite ist aber darauf hinzuweisen, dass es gelegen- 
tlich bei den binairen Verbindungen Wertigkeitsstufen gibt, die bei den 
Komplexen nicht auftreten. So gibt es z.B. Rel, oder CrF;, wahrend 
luorkomplexe des sechswertigen Rheniums und fiinfwertigen Chroms 
bisher noch nicht dargestellt worden sind. Auch ist es nicht ganz leicht, 


Komplexverbindungen des fiinfwertigen Vanadins zu erhalten; es ist dies 


jedenfalls wesentlich schwieriger, als VF, darzustellen. 

Man hat aus dem bisherigen Versuchsmaterial den Eindruck, als ob 
Komplexverbindungen der vier- und dreiwertigen Stufe besonders be- 
standig sind, d.h. dass man hier durch die Komplexbildung einen beson- 
ders grossen Energiegewinn hat. Es ware natiirlich schén, wenn man das 
auch durch eine modellmassige Lnergiebetrachtung belegen kénnte. Ich 
habe daher einmal mit E. Huss die EnergieAnderungen bei den Vorgangen. 


Vy > Al AVF, 

VF, + 2 KF KV, und 

VF, KF KVF, 
durchgerechnet, wobei ich rein elektrostatische Verhaltnisse angenommen 
habe. Man kann solche Rechnungen mit sehr verschiedener Genauigkeit 


machen, d.h. man kann mit starren lonen und konstanten Abstanden 
rechnen, man kann die Variation der Abstinde mit der Koordinationszahl 
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beriicksichtigen und schliesslich kann man die Polarisierbarkeit der lonen 
in verschiedenen Annadherungen in Rechnung setzen. Tab. 4 zeigt das 
Ergebnis. Eine Rechnung mit starren Ionen fiihrt zu undiskutablen Wer- 
ten fiir die Reaktionsenthalpie. Beriicksichtigung der Variation der Ab- 
stinde fiihrt schon zu besseren Ergebnissen; bei Beriicksichtigung der Po- 
larisierbarkeit schliesslich kommt man zu Werten fiir die Warmeténung 
der Komplexbildung von etwa 10 bis 20 kcal, was ganz verniinftig erscheint. 


Damit ist aber die Grenze dessen erreicht, was man mit einer solchen Rech- 
nung iiberhaupt zeigen kann, denn die Bildungsenthalpien sind stets die 
Differenz sehr grosser Zahlen. Diese Zahlen sind stets um einige Prozent 
unsicher, so dass die Endwerte sicher Unsicherheiten von mindestens 50 
kcal besitzen. So kann daher dem Gang der Werte, wonach die vierwertige 
Stufe besonders begiinstigt ist, kein besonderer Wert beigemessen werden, 
wenn auch das Ergebnis plausibel erscheint. Ausserhalb der Fehlergrenzen 
ist wohl die Abhangigkeit der Bildungswarmen von der Art des Kations 


(Tab. 5), die ja den experimentellen Ergebnissen gut entspricht. 


TABELLE 4 Wdrmeténung der einzelnen Reaktionen (in kcal). 


ergleich) 
enladung. Radien variabel 


isierbarkeit A B ( 


Nur lonenladung. Radien konstant 


zum Vergleich) 
Nur lonenladung. Kadien variabel A 


mit Polarisierbarkeit A B C+ D 
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TABELLE 5. Wdrmeténung der einzelnen Reaktionen far verschiedene Kationen 
(unter Beriicksichtigung der Polarisationseinfliisse und nicht coulombschen 
Abstossung) (in kcal) 


Lithium 
Natrium . 
Kalium 
Rubidium 


Caesium 


Lithium 
Natrium 
Kalium 
Rubidium 


Caesium 


Lithium 
Natrium 
Kalium 
Rubidium 


Caesium 


Hinzuweisen ist darauf, dass diese Rechnungen zwei grundsatzliche 


Vernachlassigungen enthalt. Einmal hat Hoppe fiir den Fall des Flussspat- 


types gezeigt, dass die zur Berechnung der Gitterenergie notwendigen Ma- 
delungfaktoren bei komplexen lonen kleiner sind, als wenn es sich um ein- 
fache lonen handelt. Das wiirde also bedeuten, dass die Bildungswarmen 
kleiner werden; aber die Korrektur der Madelungfaktoren hangt auch da- 
von ab, wie polar die Bindungen zwischen dem Zentralatom und den Li- 
ganden sind, so dass eine Korrektur nach dieser Richtung unsicher ware. 

Es gibt aber einen anderen Einfluss, durch den die Bildungswarmen 
der Komplexe wieder grésser werden, namlich die Bildung von Atom- 
bindungen zwischen Zentralatom und Liganden bzw. der Energiegewinn 
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durch eine Anderung des Grundzustandes des Zentralions im Felde det 
Liganden. Solche starken Wechselwirkungin zwischen dem Zentralion 
und den Liganden driicken sich im magnetischen Verhalten aus; so ist 
z.B. K,NiF, diamagnetisch, wahrend Ni** ein erhebliches Moment haben 
miisste. In anderen Fallen ist wieder der Einfluss der Fluorteilchen auf 
das magnetische Verhalten des Zentralteilchens sehr gering. So haben 
z.B. die Komplexe des Co** und Cu*’* das Moment der lonen. Offenbar 
heben sich diese beiden Effekte bei der Berechnung der Bindungswar- 
men der Komplexe ungefahr auf, so dass bei unseren Rechnungen trotz 
der Vernachlassigung dieser Ejinfliisse etwas einigermassen Verniinftiges 
herausgekommen ist. 

Eine besonders grosse Rolle miissen die Atombindungen spielen, 
wenn sich keine 6er, sondern 4er Komplexe bilden, wie es bisher beim Sil- 
ber und Gold gefunden wurde. Die Frage, ob es méglich ist, auch beim 
Kupfer solche Kompk xe mit der Koordinationszah! 4 herzustellen, wird 
zur Zeit untersucht. 

Zusammenfassend kann man also beziiglich der Darstellung von Fluor- 


komplexen anomaler Wertigkeit folgendes sagen: Ob man eine Komplex- 


verbindung einer bestimmten Oxydationsstufe darstellen kann oder nicht, 
ist natiirlich in erster Linie von der lonisierungs-energie und anderen Kon- 
stanten des Zentralatoms bestimmt. Es besteht aber immer die grésste 
Aussicht, die vierwertige Stufe zu stabilisieren, wobei man am ehesten 
hoffen kann, Verbindungen hoher Oxydationsstufen zu bekommen, wen 
man die Caesiumverbindung darstellt. 

ks ist daher besonders auffallig, dass es bisher noch nicht gelungen 
ist, einen Fluorkomplex des vierwertigen Eisens zu erhalten, denn so- 
wohl beim Mangan als auch beim Kobalt sind solche Verbindungen be- 
kannt. Dies diirfte mit der besonderen Stabilitaét det halbbesetzten 
Konfiguration des Fe** zusammenhangen; wir haben aber Versuche im 


—* nicht doch darstellen 


Gange, ob man solche Fluorkomplexe des F 
kann. 

Selbstverstandlich befinden sich alle diese Untersuchungen iiber die 
Fluorkomplexe noch im Anfang. Bisher ist im wesentlichen praparativ 
gearbeitet worden. Ferner sind einige Kristallstrukturen ermittelt wor- 
den. Was noch ganz fehit, sind alle energetischen Daten. Diese zu erhal- 
ten wird gar nicht leicht sein. Z. B. kann man nicht einfach den Fluor- 
Dissoziationsdruck messen, weil sich komplizierte Reaktionen abspielen 
kénnten. Z. B. diirfte K,NiF, bei der thermischen Zersetzung z. T. in 
K,NiF, ibergehen, z. T. aber in ein Germisch von A,NiF, und NiF,,. 
Das zu erkennen und zu interpretieren, diirfte u. U. ziemlich schwierig 
sein. Erste Versuche, die wir nach dieser Richtung angestellt haben, erga- 
ben einen Misserfolg. Auch die Zersetzung mit Wasser oder die Reaktion 
mit Kalium-Jodid kann in ganz verschiedener Weise verlaufen. Es kann 
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sich Sauerstoff entwickeln, es kann Jod frei werden, es kann auch aus Salz- 
saure Chior frei gemacht werden u.a.m. Eine Lésungsmittelkalometri 
ist daher fiir jeden Ejinzelfall ein besonderes Problem 


Il. OxOKOMPLEXE. 


Die Mehrzahl der Untersuchungen ii! Oxokomplexe stammt aus 
dem Scholder’schen Institut. Scholder hat solche Verbindu 


gen zunachst 
mit Erdalkalimetallen dargestellt, hat aber spdter auch Alkaliverbindun 
gen hcrangezogen. Wir selbst haben uns in rH iuptsache it Alkalime- 
tallverbindungen beschaftigt. Grundsatzlich ist hier zu sag lass die 


auf diese Weise erhaltenen Verbindungen sbesondere in < erdalka- 
lireihe, z.T. thermisch sehr bestandig sind. Es handelt sich also nicht um 


Verbindungen, die man nur mit 4usserster Verfeinerung der Experimen- 


tierkunst erhalten kann, sondern eigentlich um Verbindungen, die man 
schon lange hatte darstellen kénnen. Man t sie auch friiher z.T. in det 
Hand gehabt, ohne es zu wissen. Die Fortsc] der letzten Jahre sind 
einmal dadurch bedingt, dass man ohne Voru an diese Fragen heran- 
gegangen ist, d.h. dass man nicht versucht hat. die Verbindungen auf Grund 
der Oxydationsstufen « zu erkliren », die man aus der Chemie in w 
Lésung kannte. Weiterhin besteht eine erhebliche Verbesserung 
ber friher durch die Méglichkeit, réntgen 


welche neuen Phasen sich bilden und in ein orésseren Reihe von Fallen 


issrigel 
evenu- 


graphisch festzustecllen, ob und 
auch die Kristallstruktur festzustellen. S esslich haben sich magnet 
sche Untersuchungen als sehr niitzlich erwiesen, weil man so in manchen 
Fallen die Oxydationsstufen eindeutig festlegen konnte. So kénnte z.B 
in einer Verbindung, die der Formel nach fiinfwertiges Chrom enthalt, 
durchaus ein Gemisch von drei- und sechswertigem Chrom vorhanden sein. 
Das wird auch oft nicht durch die Kristallstruktur ausgeschlossen, da ja 
die Gitterpunkte durch verschieden geladene Parikel besetzt sein kénnen. 
Magnetisch kann man hier oft eine eindeutige Entscheidung treffen. 
Allerdings hért diese Méglichkeit dann u.U. auf, wenn zwischen den 
magnetischen » Atomen erhebliche Wechselwirkungen bestehen und man 
zudem tib:r die Kristallstruktur noch nichts weiss. So ist z.B. das magne- 
tische Verhalten der Oxoverbindungen des vierwertigen Nickels und Ko- 
balts zur Zeit noch nicht zu deuten. 

Eine Auswahl der in neuester Zeit dargestellten Verbindungen geben 
die Tabellen 6 bis 10. Man erkennt aus diesen Tabellen, dass es sich bei 
den neu dargestellten Verbindungen nur in einzelnen Fallen um besonders 
hohe Oxydationsstufen handelt. Solche liegen vor beim dreiwertigen Kup- 
fer, beim vierwertigen Nickel und Kobalt und Kobalt und schliesslich beim 
fiinfwertigen Wismut, beim sechswertigen Tellur und siebenwertigen Rhe- 
nium. In anderen Fallen handelt es sich um Wertigkeitsstufen, die nie- 
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driger sind als der Maximalwert, z.B. beim vier- und fiinfwertigen Eisen, 
beim fiinfwertigen Mangan und beim vier- und fiinfwertigen Chrom. 


TABELLE 


Verbindung Farbe hergestellt von: 


Chromate (1\ 


griin Scholder 
blauschwarz Scholder 
smaragdgriin Scholder 
braungriin Scholder 


Scholder 
dunkelgruin Scholder 
Reindarstellung nicht gelun- Scholder 

gen 
dunkelgriin scholder 
schwarzgriin Schoider 


Scholder; Klemm und Krause 


Betrachtet man auch hier wieder den Einfluss der Kationen, so zeigt 
sich bei den Alkalimetallverbindungen, dass die héchsten Wertigkeitsstu- 
fen wieder bei den Caesiumverbindungen stabilisiert sind. Als Beispiel sei 


genannt: Beim Eisen ist der Oxokomplex der sechswertigen Stufe beim 


Caesium bis 350° bestandig. Das Kaliumferrat(VI) zersetzt sich schon bei 
100°; Li,FeO, ist unbekannt. Lisenverbindungen der /fiinfwertigen Stufe 
gibt es nur bei Rubidium und Kalium, bei Caesium schlagt die sechswer- 
tige Stufe durch. Mit Natrium konnte von Scholder im Na,FeO, nur die 
vierwertige Stufe erhalten werden. Beim Mangan ist nach Untersuchun- 
gen von Lux in der NaOH-Schmelze nur Manganat(V) vorhanden, in der 
KOH-Schmelze dagegen Manganat(V) und Manganat(VI) Ganz ahnliches 
hat Scholder festgestellt, der eine eingehende Untersuchung tiber Mangan- 
Schmelzen durchgefiihrt hat. Fiinfwertiges Chrom gibt es nur bei Li,Cr0O, 
und Na,CrO,, beim Kalium ist bisher nur das sechswertige Chromat er- 
halten. 

Entsprechend liegen die Verhaltnisse bei den Erdalkalimetallen, wo 
man die beste Stabilisierung hoher Stufen beim Barium und Strontium 
findet. 

Dafiir, welche Wertigkeiten stabilisiert werden, ist in vielen Fal- 
len, ahnlich wie bei den Fluorkomplexen, das Verhaltnis von Alkali zum 
Schwermetall massgebend. So erhalt man bei den Verhaltnissen 2 Alkalime- 
talle : 1 Schwermetall (bzw. 1 Erdalkalimetall : 1 Schwermetall) vielfach 
Komplexe der sechswertigen Stufe; bei dem Verhaltnis 3:1 (bzw. 3: 2) 
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TABELLI 


Verbindung hergestellt von: 


Manganate (IV) 


Na,yMno, , braun Scholder 


Alkalimanganate (V) 


Na,Mn0,.10HO, , ‘ hellblau Lux 


Na,Mn0O,.% NaOH .12H,0 . blau Scholder und Waterstradt 


Na,Mn0O,. NaOH ees griin Scholder und Waterstradt 
Na,Mn0O,.7H,O : | tiefblau Scholder und Waterstradt 
Li, MnO, ; ; ; ; blaugriin Scholder 

Na,Mn0O, ‘ ‘ . blaustichigdunkelgriir Scholder 

K,Mn0, dunkelblaugriin Scholder 

Rb, Mn0, ‘ dunkelgriin Klemm und Wehrmeyer 
Cs,Mn0, schwarzgriin Kiemm und Webrmeyer 


Erdarkalimanganate (V) 


Sr,(Mn0O,), , blaugriin Scholder 
Ba,(Mn0,), — | smaragdgriin Scholder; Schmahl 
Sr,(Mn0,),(OH) | blaustichig griin Klemm und Krause 
Ba,(Mn0,),(OH) blaustichig grin Klemm d Krause 


TABELLE 8 


Verbindung hergestellt von 


Metaferrate (IV) 


Li, FeO, ees » schwarz Scholder 
SrFeO, : ; grauschwarz Scholder 
BaFeO, .aq . se « tiefschwarz Scholder 
BaleO, ; ; »ée dunkelgrau Scholder 


Orthoferrate (IV) 


Na, FeO, ‘ schwarz Scholder 
Sr, 00,4 , : schwarz Scholder 
Ba, FeO, : schwarz scholder 


Ba,keO, schwarz Scholder 


Ferrate (V) 


Kye, : , ‘ schwarz Klemm und Wahl 
Klemm und Wehrmeyer 
Rb, FeO, : ‘ schwarz Klemm und Wehrmeyer 


Ferrate (VI) 


Nag heO, . : violett nicht neu 

K, FeO, . violett nicht neu 

Rb, beO, violett nicht net 

Cs, FeO, , : schwarzviolett Scholder; Klemm und Wehr- 
meyer 

SrkFeO,.aq tiefschwarz Scholder; Losana; Helferich 

BakeO, ad : rot Scholder: Losana; Helferich 
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erhalt man Komplexe der fiinfwertigen und bei dem Verhaltnis 4 : 1 (bzw. 
2:1) Komplexe der vierwertigen Stufe. Offenbar liegt dies daran, dass bei 
diesen Zusammensetzungen ein besonders giinstiger Gitteraufbau mit re- 
lativ hohen Gitterenergien vorhanden ist. Unter Umstanden kénnen sich 
auch Gitter von komplizierter Zusammensetzung als stabil erweisen, z.B. 
bei der fiinfwertigen Stufe im Apatittypus, wenn Wasser nicht streng 
1usgeschlossen wird. 


rABELLE 9. 


ci und Dominik 

um und Welrmever 
emm und Wehrme 
volder 

lider; Schmahl 

lder 


nm und Welhrmever 


Kiemm und Wahl 
Lander und Wooten 
Lander und Wooten 


iprate (iil) 


leuchtendrot Scholder und Voelskow 
graublau Klemm und Wehrmeyer 
stahlblau Kiemm und Wahl 
graublau Klemm und Wehrmeyer 
graublau Klemm und Wehrmeyer 
violettrot Scholder und Voelskow 
rotbraun Scholder und Voelskow 


Aber die oben erwahnte Regel gilt nicht streng. So bilden sich z.B. 
beim Eisen, der Regel entsprechend, Ferrate(1V), wenn 2 Ba auf 1 Fe vor- 
handen sind. 1 Ba auf 1 Fe liefert aber ebenfalls nur Eisen’’, nicht Eisen“, 
wie die Regeln fordern wiirden, Das liegt offenbar hier und in Ahnlichen 
Fallen daran, dass sich Bariumferrat(VI) bei der Reaktionstemperatur 


schon zersetzt hat. Ahnlich ist es beim Caesium, wo man reines Cs,Fe0, 
nur bei Temperaturen bis 350° erhalt. 


Man kann nach diesen Regeln das Entstehen einer bestimmten Wertig- 
keitsstufe dadurch erreichen, dass man das Verhaltnis Erdalkalimetall (bzw. 
Alkalimetall) zu Schwermetall auf eine bestimmten Wert einstellt; dann 
treten meist die Oxyde auch in diesem Verhaltnis in Reaktion. Allerdings 
ist das nicht immer der Fall. So erhalt man z.B. beim Kupfer unabhan- 
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PABELLE 10 


Verbindung 


Vismutate 


frihere bekannt die tivdrate der M 


schwarz-schwar7 
gelb-ocker 


wel 


vwillgrun 
gelb 
hellgrun 

Neiss 
hellgelb 


gelb 


gig von der Zusammensetzung der Reaktionsmischung immer KCuO 
Ausserdem kénnen Disproportionierungen auftreten. Wenn man z.B. vet 
sucht, aus Na,O0 und MnQO, bei 500° im Stickstoffststrom Na,Mn0O, herzus 
tellen, so erhalt man nach Scholder stattdessen Na,Mn0O, NaMn0,, 
Solche Dipsproportionierungen treten auch in anderen Fallen auf, wenn 


man die Temperatur steigert. So zersetzt sich z.B. das bei 500° durch 


Symproportionierung darstellbare Na,CrO, bei 1000° nach Scholder nach 


der Gleichung: 
2 Na,Crod, Na,€ro0, Varo, Va,0. 


Neuere Versuche von Scholder haben bei Telluraten, Perrhenaten und 
Bismutaten einen sehr wesentlichen Einfluss der Basenme nge in der Ver 
bindung auf die thermische Bestandigkeit gezeigt. So erhalt man bei allen 
Erdalkalimetalloxyden und Magnesiumoxyd mit 7eO, bei 1000° das O7 
thotellurat Me,TeO,. Das Bariumsalz ist bei 1200° im Stickstoffstrom 


noch bestandig, wihrend das normale BaTeO, bei 750° in Tellurit und 
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Sauerstoff iibergeht. Ausserdem konnte eine interessante Zwischenverbin- 
dung Ba,TeO, dargestellt werden; diese zerfallt aber iber 1000° in Ba,TeO, 
und BaTeO.. Die hohe Stabilitat der « Orthoverbindung » ergibt sich auch 
daraus, dass eine Mischung 4 TeO, mit 10 BaO sich zu 3 Ba,TeO, + BaTe 
umsetzt 

Entsprechend zeichnet sich auch das Orthoperjodat Ba,(JO,), durch 
eine besondere Stabilitat aus, wie sich aus folgenden beiden Gleichungen 
ergibt: 


| Ba(JO,), + 12 BaO 3 Bas(JO).). BaJ, 


2 Ba(JO;). = Bas JO). + 4 Jp + 9 Op. 


Kine entsprechend starke Bildungstendenz besteht auch zum Cal- 
cium-ortotellurat Ca,TeO,. So kcnnte Scholder folgende Reaktion nach- 


weiisen: 


3 CaTeO 3 Ca0Q 2 Ca,TeO, l Te. 


\hnliches ist bei den Perrhenaten zu beobachten. Das bisher bekann- 
te Perrhenat Ba(ReO,), zerfallt schon bei 800° unter Verfliichtigung von 
Re,O,. Scholder hat aus diesem Perrhenat und Bariumcarbonat bei 600 
bzw. 800° die Verbindungen Ba,(ReO,;), (hellgelb) und Ba,(ReO,), (gelb) 
dargestellt, von denen die erste in Sauerstoff bis 1200°, die zweite bis 1300 
bestindig ist. Ahnliche Verbindungen wurden von Sirontium und Cal- 
cium hergestellt. Die Verbindungen Sr,(ReO,), und Ca,(ReO,), sind hell- 
griin. Diese Perrhenate sind mit den entsprechenden Perjodaten isotyp 

Besonders ausfiihrlich hat Scholder die Bismutale (V) untersucht 
Die neu dargestellten Verbindungen zeigt Tab. 11, ihre thermische Be- 
standigkeit in strémendem Stickstoff Tab. 12. Man sieht wieder, dass dic 
Orthoverbindungen am bestandigsten sind. Die Metaverbindungen NaBi0, 
und LiBiO, kénnen nicht thermisch dargestellt werden, sondern nur durch 
tivdrolyse der héher basischen Bismutate, wobei sie wasserhaltig ausfal- 
len. Ihre thermische Bestandigkeit kann daher nicht unmittelbar vergli- 
chen werden. Beide verlieren aber schon bei 400 bis 420° den aktiven 
Sauerstoff des fiinfwertigen Wismuts vollstindig, sind also sicher weniger 
bestandig. Auffallig ist schliesslich, dass die Verbindung Ba,(BiO,;), ge- 
gen Wasser bei Zimmertemperatur bestindig ist. 

Diesen Bariumverbindungen entsprechende Strontiumverbindungen 
konnten nicht erhalten werden. Offenbar ist der. basische Charakter des 
SrO zu gering. 

Zusammenfassend kann man sagen, dass gerade durch die letztge 
nannten Untersuchungen von Scholder unsere Kenntnis tiber die Méglich- 
keiten, die Stabilitat von Oxokomplexen zu vergréssern, wesentlich crwei- 
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tert worden ist. Es kommt offenbar darauf an, Verbindungen mit stark 
basischen Oxyden herzustellen, bei denen das Zentralion gegen Sauerstoff 


méglichst die Koordinationszahl 6 besitzt. 
TABELLE 11. Bismutate (V) (Scholder) 


Na, BiO, i*) , : Na, BiO, Na, Bio, 


zitronengelb gelb heller gelb 


Li,BiO, . celete Li, BiO, Li, BiO, 


gelb-ocker gelbstic! rein we 


Ba, BiOs), Ba,( Bio, : 


braun zitronengelb 


its Deku 


PABELLE 12 Thermische Bestdndigkeit der L‘'-Bismutate nach Scholder. 


\uch hier gilt natiirlich das bei den Fluorverbindungen Gesagte,*dass 
die genaue Festlegung der thermischen Daten unbedingt erforderlich ist. 
Auch die Erklarung des optischen Verhaltens, z.B. der griinen Perrhenate, 


diirfte ein reizvolles Problem darstellen 


WEITERE MOGLICHKEITEN ZUR STAIBLI- 
SIERUNG HOHER WERTIGKEITSSTUFEN. 


Am Schluss sei erwihnt, dass es auch auf eine ganz andere Weise még- 
lich ist, hohe Wertigkeitsstufen zu stabilisieren, namlich durch die Dars- 
tellung von Komplexverbindungen, die besonders stark polarisierbare Li- 
ganden enthalten und bei denen dann bei einer bestimmten Elektronen- 
konliguration des Komplexes ein ausgezeichneter Zustand erreicht wird. 
Kinige solcher Beispiele findet man in Tab. 13. Das fihrt uns aber nun 
schon auf ein von dem bisherigen so weit abliegenden Teil der Komplex- 


chemie, dass ich dies im einzelnen nicht mehr besprechen mdéchte. 


TABELLE 13. Weilere Beispiele fir die Stabilisierung hoherer Wertigkeiten. 


Vill Br, 4ef,P),| K. A. Jensen und B. Nygaard (1949 


S\ S 
» vy ;IV . NiTViy > W. Hieber und RK. Briick (1949) 
2 
NiTICL, [o-+CH,),As.CgH,. AS(CH,)ele)Cl j 
2 s/s eft, sale 


[NUEV Cl, [0-4 CH y)gAs.CgHy. AS(CHy)glg Kh ClOg), | 


R. S. Nyholm (1951) 


Na,| Cui J Og), r H,O ; 
Na,] ¢ { ele r H,0 " 
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Summary: In co-ordination compounds where ligands are attached to a central metal 
om the spatial arrangement of the metal bonds is nearly independent of rw nature of 
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ilar compounds 


The term «co-ordination », meaning the arrangement of component 
parts in ordered fashion, has been applied to the classical co-ordination 
compounds of Werner, where groups, either those like ammonia or ethy- 
lene diammine, which are neutral, or others such as nitrito-, cyano-, or 
chloro-groups, which may be regarded as derived from an electrically charg- 
ed ion, are co-ordinated with a central atom. Werner’s work was, in large 
measure, directed to the establishment by means then available, of the 
geometrical arrangement of the component atoms. Later theories of va- 
lency have been concerned with the mode of attachment of the groups to 
the central atom and the reasons for the various stereochemical arrange- 
ments found. From time to time some previously unexpected mode of co- 
ordinating groups comes to light. Examples are known among the metal 
carbonyls [1], the ferrocene type of compound [2], complexes of other unsat- 
urated hydrocarbons [3] with the transition elements, or, more recently, 
in anhydrous cupric nitrate [4]. In due course, when the mode of linking is 
understood, these become regarded as ordinary co-ordination compounds. 
Another type of unusual compound, now almost due to be regarded as com- 
monplace, is that in which the ordered groups are not attached chemically, 
and we shall have in this session some papers on clathrate compounds. 

he unusualness of the compounds now to be discussed, does not lie 
in the nature of the forces of co-ordination but in special steric conditions 
which affect the form and may determine the existence of the compound. 
They resemble, in some ways, the structures to which V. M. Goldschmidt 
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applied the term « co-ordination » in a different sense. In his use of the term 

co-ordination number » he was formally describing only the number and 
arrangement of near neighbours of a particle in the structure irrespective 
of the nature of the interatomic binding. This Congress could easily agree to 
exclude solid argon or sodium chloride from the category of co-ordination 
compounds, but the dividing line between crystals containing recognizable 
complex groups of atoms and co-ordination structures is not so sharp as 
may appear from selected simple cases. Dr. Hoppe’s work on complex fluo- 
rides illustrates this point. 

In co-ordination compounds where the ligands and central atom are 
attached by covalent bonds, the space arrangement of the metal bonds is 
nearly independent of the nature of the ligands. There are, however, exam- 
ples such as those nickel compounds to be discussed by Dr. Venanzi [5], 
where steric effects, the interference of one ligand with another, may com- 
pel an unusual stereochemical arrangement, in this instance a tetrahedral 
form, where valency theory might suggest the square-planar arrangement. 
Similarly in the Cu-dimethylglyoxine molecule the departure from plana- 
rity of the four copper valencies reported by Frasson, Zanetti, Bardi and 
Bezzi [6], arises from a requirement within the molecule. Here the forma- 
tion of hydrogen bonds of fixed lengths and the fixed copper-nitrogen bond 
lengths are responsible for the unusual arrangement. If in cases like these 


the complex were a charged ion, interference between the ligands could 
occur, but there would normally be no effect attributable to the oppositely 
charged ion. In the compounds now to be considered steric effects involve 
not only the groups attached to a central ion, but also the oppositely char- 
ged ion. In this there is a similarity to co-ordination structures, the form 


of which may depend on the dimensions of two components. 

In some co-ordination compounds, ion-dipole interaction provides part of 
the binding, and this type of link may occur when there is no covalent bond 
interaction between the atoms or molecules concerned. A few compounds 
of this kind have been investigated, for example the crystalline complex 
of silver perchlorate with dioxane characterized by Comyns and Lucas 
[7]. The formula is AgClO,.3C,H,0,. Prosen and Trueblood [8] have shown 
that the crystals are cubic and have a simple structure consisting of a sil- 
ver ion at each corner of the cube, and a perchlorate ion with the chlorine 
at the body centre of the cube. The dioxane molecules lie along the edges 
of the cube and hence the formula is that stated, three molecules of dioxane 
to each unit cube containing one silver perchlorate formula. The dimension 
of the unit cell is determined by the silver—dioxane—silver distance. A 
normal non-bonded Ag-—O distance is 2.54. Combined with the distance 
O—O in dioxane of 2.8A, this requires a cube cell constant of 7.8A; the 
observed value is 7.67. There is considerable disorder in the structure with 
nearly free rotation of the perchlorate ion and nearly free rotation of the 


548 HERBERT M. POWELL 


dioxane molecules about axes joining one silver atom to another. Each 
silver is thus co-ordinated to six dioxane molecules in the form of a regu- 
lar octahedron of dioxane oxygen atoms at 2.46A. This distance shows 
that there is negligible covalent character in the bond. Prosen and True- 
blood conclude that the bond arises primarily from ion-dipole forces. 

Compounds in which ion-dipole interactions occur might depend, as 
in this case, on interaction between positive ion and a suitable dipole. Or 
there could be interaction between a negalive ion and some suitable di- 
pole. If the co-ordinating molecule has two similar dipoles, this may lead 
to an infinitely extended cation or anion. Since the ions and the molecules 
which co-ordinate with them thus form an extended structure, and by 
themselves may determine one, or more of the dimensions of the lattice, 
the stability of the resulting compound will depend on the way in which 
the oppositely charged ion will fit with this extended complex to form a 
stable structure. The complex of silver with each dioxane molecule rota- 
ling about an axis through the oxygen atoms leaves a space of convenient 
size for the rotating perchlorate ion, the structure as a whole being well 
packed. Since any expansion will diminish the ion-dipole attraction the 
complex could not form with an anion of much larger size, and might be 
less stable with one very much smaller. A contributary cause for the exis- 
tence of the complex appears to be the freedom of the dioxane molecules 
and of the complex anions, to rotate and thus achieve effective space 
packing. There is no space for substitution of // atoms of dioxane so that 
complexes of this structural type should not be formed by substituted 
dioxanes. Thus steric difliculties may arise both from the co-ordinating 
vroups and from the anions. 

It is possible that the co-ordinating molecule may have dipoles or other 
means of attachment to the negative as well as the positive ions. In such a 
case the space-packing factors will be perhaps even more dillicult to satis- 
fy. The attached anion is not free to take up the most suitable spaces left 
by the complex cation. The difficulties will increase as the number of points 
of attachment of the co-ordinating groups increases in number. Some com- 
pounds of this kind have, however, been found. A substance obtained in 
the course of the work on the reaction of cyclohexene with N-bromo-suc- 
cinimide with tetraethylammonium bromide as a catalyst, was originally 


supposed to have the formula 


UNH 
\ + - Z 
C=0-NR, -0—C 


| 
H#¢——CH, 
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It appeared, however, that this substance might, in reality, be an addition 
compound of some sort between succinimide and tetraethylammonium 
bromide. 

Succinimide has two C = O groups and interaction between the di- 
poles associated with these groups and the positive ions, should be possi- 
ble. Examination of the crystal structures of the compound showed it to 
have the formula 2C,H,0,.N.NEtU,Br [9]. The recognizable components 
of the structure | NEt,]* ions, bromide ions, and succinimide molecules, are 
at distances which are too great for covalent bonds between them, the 
shorter distances corresponding to ionic or van der Waal’s radii. The ge- 
neral constructional principle of the whole may be taken as that of local 
neutralization of charges. The imide part of each succinimide molecule is 
directed towards a negative ion. There are two crystallographically diffe- 
rent succinimide molecules and each bromide ion is associated with one 
of each kind. The imide group may be considered as carrying some positive 
charge. The distance N—Br is 3.3A, which suggests a hydrogen bond. 
The negative ends of the C O dipoles, i.e. the oxygen atoms, are direct- 
ed towards the positive ions. The whole arrangement makes it possible for 
negative and positive ions themselves to be in close contact. This type of 
structure is thus very closely related both to ordinary co-ordination com- 
pounds and to co-ordination structures in the Goidschmidt sense. The va- 
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Projection of the structure of 2C,11,C,N.N.Et,Br Circles represent Br Pentagons, half of them 
in overlapping pairs, represent ring system of succinimide molecules. The insect-like tigures 


show the N Cand C C bonds of tetracthylammonium ions 
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rious spatial requirements for this must be critical. Complete co-ordina- 


tion of the various components with the limitations imposed by their di- 
mensions is apparently achieved only by having two crystallographically 
different sets of succinimide molecules; thus all the four CO groups direct- 
ed towards the tetraethylammonium ion are geometrically different. 

Formation of the compound is seen to be dependent both on the di- 
stribution of charge in the components and on accidental dimensional fac- 
tors involving all components of the structure. The bromide ion judged 
from distances to neighbouring atoms just fits the space remaining and 
might be said to occupy holes in a structure in which tetraethylammonium 
complex ions and succinimide molecules link through the C 0 groups of 
the succinimide molecules to form a 3-dimensional extended structure. 
The smaller chloride ion does not completely fill the space and the corre- 
sponding compound is deliquescent. This may be connected with the in- 
stability resulting from poor packing. The iodide ion is too large for the 
hole and the corresponding compound could not be prepared. It seems 
unlikely that the same way of co-ordinating the various interacting parts 
would survive if either the succinimide or tetraethylammonium complexes 
were modified by substitution. Unsuccessful attemnts have been made to 
substitute tetramethyl ammonium for tetraethylammonium and _ phtha- 
limide for succinimide. 

We may therefore expect occasionally to find co-ordinated structures 
of various kinds similar to this one given by a particular pair of substan- 
ces, although formation of such compounds may not appear to be a pro- 
perty common to them and their chemical analogues. The argument will 
apply for other types of bonding between components. For example if the 
dioxane molecules were attached by covalencies to silver the available 
space would still determine which anions were possible in this structural 


type. 
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Low valence stabilisation. 
Salts of the tris «x- dipyridyl cobalt (1) cation 


GWYNETH M. WAIND ann BRIAN MARTIN 


Queen Mary Collewe Universit ondon england 


Summary: Polarographic studies have led to t detection of the tris dipy. Col cation 


in aqueous solution. The perchlorate and iodide and of the Rh! cation have been 


prepared, Their properties are compared with thos« imilar metal complexes. 


xa dipvridyl and 1.10 phenanthroline are known to stabilise low va- 
lence slates of iron, vanadium and chromium giving brightly coloured tris 
complexes. The colours have in some cases been shown to be due to so 
called charge transfer bands of high intensity which are not characteristic 
either of the metal or of the ligand but which are characteristic of easily 
oxidised ions. The unusual stability of these complexes has been attributed 
to double-bonding i. e. in addition to the six o« bonds where the cation acts 
as an acceptor, up to six d metal electrons may take part in up to three x 
bonds in which the cation acts as a donor. Magnetic measurements support 
this view, the tris dipyridyl complex of iron (II) is diamagnetic, of chro- 
mium (11) (four 4d electrons) contains two unpaired electrons, and of 
chromium (1) and vanadium (Q) (five d electrons) one unpaired electron, 
i.e. in tris complexes with six or less d electrons only the three d orbitals 
of the metal wich take part in x bonding need be considered. The position 
with the tris dipyridyl Ni" cation (eight d electrons) is less clear, but it is 
well known that these are two unpaired electrons and that the complex is 
very stable e. g. it can be resolved [1]. It therefore seemed of interest to 
report the preparation of the tris a«'dipyridy! Co(1) cation which is isolec- 
tronic with the Ni Il complex but has an intense absorption band in the 
visible. We have not, yet measured its magnetic susceptibility (*). 

The existence of the tris dipyridyl cobalt (1) cation in aqueous solution 
was detected by polarographic reduction of the tris cobaltic and cobaltous 
complexes. 1.10 phenanthroline is not suitable for polarographic work (it is 
itself reduced at the dropping mercury electrode at -1.0 volt versus the stan- 
dard calomel electrode) — the work was therefore confined to a«'dipyridyl. 


(') This has now been measured, the perchlorate is diamagnetic, added to proof. 
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It has previously been reported in the literature [2] that the tris dipyridyl 
cupric cation is reversibly reduced in two one-electron stages giving two 


polarographic waves of equal height corresponding to the reactions 


[Cu (dipy)s|>* —» [Cu (dipy),]* dipy 


¥ 


Cu Hg + 2 dipy 


In the present work the two salts, tris a«'dipyridyl cobalt III perchlo- 
rate trihydrate and tris «« dipyridyl cobalt II perchlorate were prepared 


7 
a [Cofaypy),{C19,) 34,0: 75 xf0 "M 


dipyridyl :5,0210°M 
6| KNO,:Q4M 
17 °C 


Microamper es 


Ede vs. S5.CE volt 


1,2 -16 
~132 


by the method of Burstall and Nyholm [3], were dissolved in conductivity 
water together with excess dipyridy! and potassium nitrate and were re- 
duced at a dropping mercury electrode which formed part of a Tinsley 
recording polarograph. The initial cobalt concentrations were varied from 
1.0 to 0.25 millimoles/litre, the excess dipyridyl concentrations between 
7.9 and 50 millimoles/litre while all solutions were 0.1 molar in potassium 
nitrate. The temperature was 17°C. In some cases the solutions were su- 
persaturated and were used immediately. 

\ typical polarogram for the cobaltic solutions is given in Fig. 1. There 
are two waves of equal height which obey the Ilkovic equation [4]. 


i, = constant C,, (IID) 
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Both waves are reversible and correspond to an addition of one electron, 
i.e. when the equation [5] 

RT 

nie 


was applied in the usual way, a straight line of slope 0.058 which is close 
to the calculated value of 0.060 was always obtained. Fig. 2 gives a ty- 
pical plot. 

Che half wave potentials were independant of the (excess) concentra- 


Ede vs. &.CE. 
- 130 -135 


iG. 2 


tion of ligand thus showing [7] that there was no change in co-ordination 
number during either stage of reduction 


With the cobaltous solutions as starting material the first step is 


_ 


eliminated and the second step unchanged. 

In order to completely describe the electrode reactions it is necessary 
to know the constant co-ordination number of the three cobalt species. 
This was determined spectrophotometrically for the cobaltous complex. 
Fig. III shows the measured optical densities of solutions of cobalt chlori- 
de and dipyridyl plotted according to the method of continuous variations 
[7]. Only the tris complex is present. 

rhe two steps in the polarogram therefore correspond to the reactions 


3 (Col (dipy)s] 4 e - [( Ail (dipy)s] 


= 


2. [Co™ (dipy),]** + e =~ [Co" (dipy),]* 
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ae era rhe half wave potentials are 
given in Fig. 4 together with 
some results of earlier workers 
which were also used as evidence 
for the existence of univalent 
cobalt. 
\ blue-black solid which 
proved to be Co' tris dipyridyl 


a 


Opt cal density ( 360 mu) 
= 


perchlorate was now prepared 
by reducing an aqueous solution 
of the cobaltous or cobaltic com- 
plex (0.001M) excess dipyridyl 
(0.01M) and sodium perchlorate 
(0O.01M) with sodium amalgam 


under nitrogen; washed with li 


» , -3 | 
oCl,*aipyridyl=5%10 M | gand solution and dried in a va 


cuum desiccator. It is unstablk 
in) in acids or alkalis and is quickly 
[Co, | oxidised by air. On titration with 


rid) | 


[Co] + [dipyridyl] 
02 03 0,4 05 0.6 results corresponding to 100 
cobalt (1). The ceric solution was 
standardised both Hilger H. H 
n filings and with freshly prepared coba'tous complex. The cobalt | 
was analysed for cobalt spectrophotometrically as the cobalt nitroso- 


ind also for nitrogen and chlorine. The following results were ob- 


ceric ammonium sulphate it gave 


Cale. for Co," (dipy), Clog 9.6 5. 66 
Found 5.66 

When solutions containing cobalt chloride, excess dipyridy] and so- 
dium chloride were reduced in the same way they became deep blue and 
on immediate titration with ceric ammonium sulphate have results equiva- 
lent to 70 cobalt (1): on keeping the colour faded even in the absence of 
oxygen. We hope to investigate this fading in more detail; it is, of course, 
similar to the behaviour of Cr (II), V (1) and Ru (1) in solution which has 


been explained as disproportionation of the ions e.g. (8) 


2Ru' 


3Ru" 
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valence 


change 


Compound 


Most ammines 0.00 to } 2to0 
eg [Coll NH,), i+ 0.04 


Bia 
* (Coll dipy),| (Cl 
° Coll(dipy), (Clog), 


K,{[Co!(CN),H,O 


Wan ), 47,0 


Data from B. Jasetsam & H. Dien 1. Amer. ( 


* present work 


The optical densities of the blue solutions were measured over a range 
of wavelengths from 250 to 700 mu at one minute intervals for twenty 
minutes. Plots of measured optical densities against time gave smooth cur- 


Iris - Dipyridy( cations 
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ves which were extrapolated to zero time Che extinction coefficients given 


in Fig. 5 are these zero time vatues. 

The rhodium I data was obtained by reducing with sodium amalgam 
0.001 molar rhodium trichloride solution which was 0.010 molar in dipyri- 
lvl and had been heats and cooled under nitrogen. The red solution 

was obtained gave results equivalent to 98 °% Rh I with ceric rea- 
It did not disproportionate and on the addition of solid sodium 


hlorate gave a dark reddish-violet precipitate. 


wa 
14H 
1.b.on 


ALL 


1.10 


Fig. 6 is a list of the colours and the maximum extinction coefficients 
of these and other low valence state dipyridyl complexes. Suggestions have 
been made e.g. by Orgel [9] and Jorgensen [10] about the origin of these in- 
tense transitions in these easily oxidised ions, they involve the transfer of 
electrons from the d orbitals to empty antibonding orbitals which in the 
case of [Fe" (dipy),]** are probably partly ligand = and partly metal 4p 
in character. 
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Komplexe des 2,2-Dipyridyls mit niedrigen 


Oxydationsstufen des Vanadins und des Croms 


SIEGFRIED HERZOG 


Institut fir organische Chemie der Friedri« Se 


Zusammenfassung 
2 -Dipyridvl-Chrom (11)-ions 
sen. Neuerding stnun auch die vollige Entlad 
[CrDviy en, der benzolléstich, sublimierbar 


Untersuchur m Vanadin haben 


plex Vihy ly efulort. der sowohl zum 


Anion reduziert werden kann. Damil « stiers le Komplex« 
nanderliegencde dationss en: die Verbindunus eT sesamtelekt 


nen sich wu . du irbaliniichkeit 


Der Dor etismus we 
bzw Diy stufenweise zurtick, Wasin Ll ebere 
isip’-tivbridisierung steht. Die Kignung des Diy 
negativer Oxydationszahien sowlk ingeladener 
higkeit zur Flektronenaufnahme unter Bildung \ 
zusammen. Die Kliektronenaufnahme konnte au 


trium-Dipvridvl-Verbindungen im Molverhalt 
| 


Schon vor fiinfundzwanzig Jahren haben Barbieri und Tettamanzi 
durch Einwirkung von 2,2’-Dipyridyl auf eine aus Cr(1])-acetat erhaltene 
Chrom (I1)-bromid-Lésung das schwarze Tris-2,2'-Dipyridyl-chrom (I1)- 
bromid-Hexahydrat, |CrDipy,] Br,.6 H,0, dargestellt. Sie wiesen auf die 
Luftempfindlichkeit dieser Substanz hin und teilten die Isolierung eines 
kristallinen, gelben Oxydationsproduktes der Zusammensetzung [CrDipys] 
(C10,), mit [1]. 

1952 beschrieben dann F. Hein u. S. Herzog die Darstellung eines 
tiefblauen, héchst luftempfindlichen Komplexes der Formel |CrDipy,| X 
(X = Cl),, J, Br) [2]. Damit waren von der Kombination [CrDipy,]" drei 
nebeneinanderliegende Oxydationsstufen realisiert (n 3, 2, 1). 

In der Folgezeit wurden von uns die Tris-Dipy-Vanadin (I1)-, (1)-, 
(0)- und (-1)-Komplexe isoliert [3, 4, 5, 6,]. Beim.Vanadin bestand damit 
eine liickenlose Reihe nebeneinanderliegender Elektronenbesetzungen 
von 33 in der massgeblichen Schale beim [ VDipy,] * *-Kation bis zur Kryp- 
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tonzahl 36 im [VDipy,| -Anion. Der Paramagnetismus nahm in ihr vom 
Wert des V(II)-lons ausgehend stufenweise ab, in Uebereinstimmung mit 
einer auch auf Grund der oktaedrischen Umhiillung zu diskutierenden 3d? 


is 4p*-Hybridisierung [7]. 


{| VDipy,)*+ + 
| VDipy,) + 
[ VDipy,? 


[| VDipys) 


Auch in der Chromreihe fallt der effektive Paramagnetismus ganz 
entsprechend ab [2], was zu gleichen Bindungsvorstellungen fiihrt: 


{( rDipys| ++ 4 
[CrDipy,|* * 
|CrDipys|* 


Man durfte daher damit rechnen, dass auch hier die Beladung des 
39-Elektronen-Systems [CrDipy,|* mit einem weiteren Elektron zum 


VDipy,|-analogen Kryptonsystem [CrDipy,|° méglich sein kénnte. Das 
PY y} PYs 


hat sich bestatigt. 

Die Reduktion fiirten wir [8] folgendermassen durch: 

Durch mehrstiindiges Trocknen in Stickstoffatmosphare bei 100° 
uber Phosphorpentoxyd wird [CrDipy,| Br,. - 6 H,O vollstandig entwis- 
sert und mit uber Benzophenondinatrium gereinigtem Tetrahydrofuran 
durch direktes Aufdestillieren unter Stickstoff versetzt. Das |CrDipy,|Br, 
ist in Tetrahydrofuran unléslich; dennoch farbt sich die Lésung schwach 
blau, was auf eine spurenweise ablaufende Disproportionierungsreaktion 
(siehe unten) zuriickzufiihren ist. Man versetzt die Suspension mit metal- 
lischem Natrium und schiittelt ca. 15 Stunden. Dabei vertieft sich zu- 
nachst die Blaufarbung zu einer undurchdringlichen Tintenfarbe, die 
weiterhin tiber unreine Zwischenfarbténe in Braunrot iibergeht. Wah- 
rend der Reduktion zerfallen die relativ grossen schwarzen Kristalle des 
[CrDipy;| Br, allmahlich, und bei Erreichen der roten Lésungsfarbe ist 
ein sehr feindisperser schwarzer Kristallbrei entstanden. Er wird abfil- 
triert und zur Trennung von nebenher entstandenem, in Tetrahydrofu- 
ran unléslichem NaBr aus Benzol umkristallisiert. (Er lést sich mit der- 
selben roten Farbe auch in Pyridin und Dimethylformamid, ist aber 
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unléslich in Wasser und Alkohol). Die Analyse der schwarzen, im Sonnen- 
licht silberglanzenden Kristallchen ergab folgende Werte: 


Fir [CrDipy,| berechnet ay Gefunden 


Bei der anaeroben Jodierung einer wassrigen Suspension des neuen Kom- 
plexes mit Jodlésung gemiass 


[CrDipys| + 1,5 + |CrDipys|* * 


wobei eine chromatgelbe klare Lésung entsteht, wurden 2,95 Atome Jod 
verbraucht. 

Die feste Substanz zeigt ein effektives magnetisches Moment 
X 9g 1,5. 10~* ecm*/g bei Zimmertemperatur, ist also diamag- 
netisch. 

Sie lasst sich im Hochvakuum (ca. 10~* Torr) bei etwa 250° unter 
teilweiser Zersetzung sublimieren. An der Luft tritt innerhalb kurzer Zeit 
Aufgliihen ein, wobei ein Teil des Dipyridyls unzersetzt abnebelt und 
schliesslich reines griines Chromoxyd hinterbleibt. 

Mit der Isolierung dieses « Elementkomplexes » wurden in beiden 
Kompiexreihen vier nebeneinanderliegende Oxydationsstufen realisiert, 
die in ihren isoelektronischen Gliedern bemerkenswert farbahniich sind: 


[CrDipy,|* ** | VDipy,|* * 33 Elektr. gelb bzw. griin 
[|CrDipy,|* * | VDipy,|* 34 Elektr. rot 

| CrDipys| * | VDipys|° 35 Elektr. blau 
[CrDipys|° | VDipy,|~ 36 Elektr. rot 


Aber auch im chemischen Reaktionsvermégen bestehen Achnlichkeiten; 
z. B. unterliegen die beiden 34-Elektronen-Systeme leicht einer lésungs- 
mittelabhangigen, reversiblen Disproportionierung [4]. 


2 [CrDipy,|** = [CrDipy,|* + [CrDipys]* ** 
2 | VDipy,]* ”" [VDipy,|® 4 [ VDipy,)* 


Die Luftempfindlichkeit steigt in beiden Reihen proportional der Ge- 
samtelektronenzahl. 
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semerkenswerterweise sind die Komplexe der Chromreihe einschliess- 
lich der Cr(O)-Verbindung [CrDipy,| vollkommen unempfindlich gegen 


Wasser, wahrend in der Vanadinreihe der V(-1)-Komplex Li( VDipy,| 
-4THF (THF tetrahydrofuran) vom Wasser sofort unter H,-Ent- 
wicklung zum [VDipy,] oxydiert wird. 


Die Wasserbestandigkeit des Cr(O)-Komplexes erméglichtes, dass et 
sogar in Wasser dargestellt werden kann, und zwar durch eine eigen- 
artige Disproportionierungsreaktion ausgehend vom Chrom (II)-acetat, 
wortiber an anderer Stelle berichtet werden soll [9]. 

Herr Professor Dr. Dr. F. Hein hat die Institutsmittel zur Verfiigung 
gestellt und die Arbeiten mit regem Interesse verfolgt. [hm wie auch Herrn 
Dr. Perthel vom hiesigen Institut fiir magnetische Werkstoffe der Deut- 
schen Akademie der Wissenschaften zu Berlin, der die magnetischen Mes- 
sungen durchfiihrte, sind wir zu herzlichem Dank verpflichtet. 
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DISKUSSION 


Fischer ( Miinchen) Im Zusammenhang mit dem Problem der Farbe sei darauf hinge- 
wiesen, dass ein von u kirzlich durch Umsetzung von [(C,;H,;) V (CO)] mit metallischem 
Kalium in flissigem Ammoniak erhaltenes diamagnetisches KA, [(C,H,;) (CO)s), mit V in der 
Oxydationszahl glieichfalls -1, gelb ist 


Herzog Bei CO-haltigen Komplexverbindungen beobachtet man vielfach Hellfarbig- 
keit, wahrend vergleichbare Dipyridyl-Komplexe sich meist durch tiefe Farben auszeichnen, 
was sicherlich mit deren erhéhter Mesomeriemdéglichkeit zusammenhangt. 


Platinum(QO) compounds with triarylphosphine 


and analogous ligands 
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Summary: New platinum derivatives, having ox ion number zero, with triaryl- 
phosphines, triarylarsines, triarylphosphites are described. Some of these compounds are 
coordinatively saturated, i. e. of the type PiatP ir,), er are unsaturated, of the twpe 
PtP Ary) 

The phosphine derivatives reacts with carbon mo side giving mixed carbonyl-pho- 


sphine derivatives 


he analogies between palladium and platinum compounds of the 
same oxidation number, i. e. 2 and 4, are considerable. Consequently, 
after the preparation, by one of us [1], of stable palladium(Q) compounds, 
it appeared likely that similar « zerovalent » compounds of platinum might 
be obtained. Therefore we began this investigation and its preliminary 
results were communicated in a short note [2]. 

The first palladium(Q0) compounds, bis(arvlisonitryl)palladium(Q), 
were prepared from the dialogenodiisonitrylpalladium(//) and excess of 
isonitryl with ethanolic potassium hydroxide. From these diisonitryl- 
palladium(O) compounds the tetrakis(triarylphosphine)palladium(O) and 
tetrakis(triarylphosphite)palladium(O) were obtained. The same phosphine 
and phosphite derivatives were prepared successively, by direct reduction 
of palladium(//) compounds. 

rhe dihalogenobis(arvlisonitry!)platinum(//) are well known and form 


two series of compounds considered as structural isomers: 
[PINACNR),| and [PHONR),| [PLX,] 


he compounds of the former series are very similar to the dihalogeno- 
bis(arvlisonitryl)palladium(//), from which _ bis(arylisonitrv!)palladium(OQ) 
had been prepared. 

\ll our attempts to obtain the presumed isonitryiderivatives of 


platinum(Q) were, however, unsuccessful. Although many reducing agents 
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cause changes in the solution of these dialogenides without any separa- 
tion of metallic platinum, no product could be isolated. 

On the other hand the attempts to obtain the platinum(O) compounds 
with tervalent phosphorus donors, from platinum(//) derivatives, gave 
the expected result. 

The best reducing agent for this purpose appears to be an ethanolic 
solution of anhydrous hydrazine, which reacts with the dialogenobis- 
(triphenylphosphine)platinum(//), or with the dihalogenobis(triphenyl- 


phosphite)platinum(//) and excess ligana as follows 


PtlPR,) 2,9 H,NNH, 2 PR, PUPR,), ; 2HNNH,gl 


the tetrakis(triphenylphosphine)platinum(Q) and the _ tetrakis- 


(tripheny!phosphite)platinum(Q), strictly analogous to the corresponding 


dium(Q) compounds 

fhe triphenylphosphine derivative is yellow, crystalline, soluble in 

ene and chloroform, almost insoluble in ethanol, and stable to air 

many hours. The triphenylphosphite derivative, white and more solu- 

in ethanol, is quite similar. 

he cryoscopic determinations in benzene of both products show a 
lissociation which increases with time 

[he phosphine derivatives (as it is the analogous with palladium) 
can also be obtained both from dihalogenobis(triphenylphosphine)pla- 
tinum(//), triphenylphosphine and ethanolic potassium hydroxide or 
from chloroplatinate(//) triphenylphosphine and ethanolic potassium 
hydroxide. 

[he reduction could be due to phosphine: 


PtX,PR,), + 3 PR, + KOH = PPR, + POR, + 2 KX + H,0 


or to the potassium ethoxide. 

rhis method cannot, of course, be used for the preparation of the pho- 
sphite derivative, in account of hydrolysis. 

The tetrakis(triphenylphosphite)platinum(O) can be obtained from 


the phosphine derivatives by ligand exchange: 
PUPR,), + 4 P(OR), Pi| P(OR)s|, 1 PR, 


Platinum appears to form these zerovalent compounds more readily 
than palladium, since, while the dihalogenobis(triphenylphosphine)pal- 
ladium(//) reacts with hydrazine (without excess of ligand) giving metal- 
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lic palladium, the dihalogenobis(triphenylphosphine)platinum(//) dispro- 
potionates forming an unsaturated platin m(0) compound: 


t Pt, PRs), + H,NNH, = 2 PPR), + Pll, (PR,)(NHNH,) 
2N.+ 4HI1 


rhe tris(triphenyl)platinum(Q) is yellow, crystalline, stable to air. 


if this compound is monomeric, as it is probable, it must be a planar 


molecule, with s p® hybrid orbitals: while the Pt (PR,), are almost certainly 

tetrahedral with s p* hybrid orbitals, as tetracarbonylnichel. 
Tris(triphenylphosphine)platinum(0), though coordinatively unsa- 

turated, appears to be dissociated in benzene solution. This dissociation 


might be due to a replacement of the phosphine by a molecule of solvent 
PUPR;,)s C,H, Pt (PR,),.C,H, + PR;. 
\ product, having the approximate composition of 
PtULP( CoH 5)s)e.5 Coll, 


was in fact isolated. 

Che product written as Pt,1,(N,H,)(PR,), is supposed to be u-hydra- 
zinebis(diiodotriphenylphosphine)platinum(//), but it could not be yet 
isolated in a pure state and the analysis of the impure product gave 
only a qualitative evidence. 

Also the dihalogenobis(triphenylphosphite)platinum(//) reacts with 
hydrazine giving the tricoordinated platinum(Q)-phosphite derivative, 
i. e. Pt P(OR),),, which is white, crystalline, stable to air and dissociated 
in benzene solution. 

\ll the above reactions when carried out with tris-p.chlorophenyl- 
phosphine instead of triphenylphosphine, give only the tricoordinate 
Pt°-derivative Pi[P(CIC.H,)s|,, even when a great excess of ligand is used. 
It is noteworth that, with palladium too, the corrispondent tricoordinated 
compound is formed. 

Che reaction between tris(p.chlorophenylphosphine)platinum(O) and 
triphenylphosphite in excess gives a product with three molecules of 
phosphite and one molecule of phosphine 


PU(CIC LH )sP], + 3 (CgH,0)5P = PUCIC LH) gPI(C HOP ls 
2 P(CIC.H)s 


while with the other phosphines these mixed products can be obtained 
only using the calculated amount of phosphite: 


PINCH ,)5P |, + 3 (CICQHO),P P1I°1 CoH s)gP{(CIC GH O)5P |, 


his behavour suggests that platinum(Q) tends to give three equi- 
valent bonds, different from the fourth. The latter, which has perhaps 
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less x charachter than the others is not strictly necessary to the stability 


of the compound itself and need not be formed as in the three coordinated 


derivatives described above. 

This behavior finds a parallel in the halogenotetraisonitrylrhodium(/) 
compounds [3], which have a isonitryl group less than required hy co- 
ordinative saturation (four instead of five), and often bind a molecule of 
solvent. The phosphine and phosphite platinum(O) compound to not bind 
alchool but in contact with chloroform, they exchange a part of the ligand 
(about 0,5 mol) with the solvent. 

The Pt°-compounds with arylarsines are analogous to the saturated 
ones with phosphines. They could be obtained only by reduction with 
hydrazine and an excess of ligand on the dihalogeno-bis(triarylarsine) 
platinum(//): 


PICIA(RyAs,) + 2 RyAs + 3/2 HNNH, = Pt(R,As), + 3/2 Nz + 2 HCl 


They are very similar to, but much less stable than, the phosphine com- 
pounds of the same serie. 

The Pi(O)-derivatives were reacted with carbon monoxide under pres- 
sure in an attempt to prepare platinum(Q) derivatives analogous to those 
of nickel, which had been obtained by action of phosphines and phospi- 
tes on tetracarbonylnickel [4]. We found that the phosphite compounds 
do not react with carbon monoxide while the phosphine compound add 
two molecules of it. 

As the coordination number of platinum(Q) cannot exceed four, one 
must assume that the following reactions have taken place: 


PUR,P), + 2 CO PU CO)(PR;), + 2 PR, 


PUR,P), + 2 CO PUCO)APR,;), + PR, 


The phosphine displaced by the carbon monoxide cannot be removed 
from the reaction mixture because, if one tries to dissolve it in a solvent 
it reacts with the product substituting one carbon monoxide molecule: 


PU(CO)A(RsP), + PR, = Pt(CO)(RsP), + CO 


Tris(p.chlorophenylphosphine)platinum(Q) after treatment with car- 
bon monoxide first and then with diethylether gives the coordinatively 
unsaturated compound Pt(CO)|P(CIC,H,)s|, wich may be formed either 
by the action of the solvent on a primary product which is coordinatively 
saturated: 


PU(CO)|(CICKH4)sP], = PUCO) [(CIC,H)sP), + CO 


PT(O) COMPOUNDS WITH TRIARYLPHOSPHINE AND ANALOGOUS LIGANDS 


or by reaction of a coordinatively unsaturated primary product with the 
displaced phosphine: 


PUCO)(CIC),P + (CIC) sP PUCO) [(CICGH,),P |, + CO 
These bicarbonylderivatives were not isolated for the reasons said 


above. Their mixture with the phosphines are crystalline, light yellow. 
These mixtures lose slowly carbon monoxide and melt at the same tem- 


perature as the original phosphine derivatives. The monocarbonylderiva- 


tives are orange yellow; they can be recrystallized and melt without de- 


composition. 
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DISCUSSIONS 


Chatt (Welwyn, Herts) 1) Professor Malatesta, have you isolated this compound 
(PRy),_PIC gH, or (PR,),Pt? 
2) We have also done quite a lot of work in this fi find that benzene is, often firmly, 
attached to our products. Usually one or two molecule benzene to each molecule of pla 


tinum compound 


Malatesta No, but we observed that from the benze solution of PUPCCH,) 
pound witha ratio Pt/P 1/2,5 separates. This compound mtains some benzene 


Tricarbony|bis(triphenylphosphine)cobalt([) salts 


ADRIANO SACCO E MARISA FRENI! 


verale dell’ Universita di Milan 


Summary: The reaction bet n octacarbonyl-dicobalt and triphenylphosphine has 


stigated. While othe reNe d obtained from this reactior 1 product formu- 


tigation showed that the actual prod ict is 


Co(CO), By exchange from this, 


ite, periodide, trichlorocobaltate (11) 
for some salts of the above cation 
ide at high pressure with compounds of 


before this work 


It is well known that, when octacarbonyldicobalt is treated with bas- 
es, either strong or weak, such as e. g. ammonia, pyridine and o-phen- 
anthroline, a disproportionation reaction takes place, in which derivatives 
of cobalt(II) and cobalt(-1l), are formed: 


3{ Co(CO), | 12 NH 2 [Co(NH,),] [Co(Co),|. + 8 CO 


rhe first step of the above reaction must be considered the following: 


[(Co(CO),}. 8 = [Co 8(CO),] * [Co (CO),| 


but the cation [Co %(CO),|*, where & is ammonia, pyridine and o-phenan- 
throline, cannot be isolated as a further disproportionation occurs very 


soon: 


3[ Co (CO),|* > 38 y oe ee [|Co(CO),| S$ CO 


It is well known that the reaction of octacarbonyldicobalt with isonitriles [1] 
gives a stable product corresponding to the first step of the scheme quoted 


above: 


5 RNC + Co,(CO), = [(RNC),Co] * [Co(CO),]~ + 4 CO 


Therefore it appeared very interesting to investigate the behaviour of 
octacarbonyldicobalt with other ligands capable of double bonding, such 
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Triethylphosphine reacts analogously to triphenylphosphine, while the 
reaction with aliphatic and aromatic phosphites gives substitution products 
of the type } Co[ P(OR),]| (CO), {,, already described by one of us [4]. 

It is interesting to remark that the salts of tricarbonyl(bistriphenyl- 
phosphine)cobalt(1) are the first exemple of compounds in which carbon 
monoxide is present in a positive complex ion. The carbon monoxide 
to metal bond is so strong, that the former is not evolved by treating 


these complexes with iodine in pyridine; while under the same condit- 
ions it is displaced quantitatively from the tetracarbonylcobaltate anion, 
the carbonyl itself and from its substitution compounds containing phos- 
phites. However, carbon monoxide can be desplaced quantitatively by 


aromatic isonitriles. 

It is therefore evident that trialkyl and triarylphosphines tend to sta- 
bilize the oxidation number + 1 for the cobalt, similarly to isonitriles: 
while trialkyl and triarylphosphites are, under this respect, more similar 
to carbon monoxide. This difference in behaviour between phosphines and 
phosphités may be related to the fact that the phosphorus atom of phosphi- 
tes has a stronger tendency to form double bonds, than the phosphorus 
atom of the phosphines; the same can be said of carbon monoxide with 
respect to isonitriles. The serie proposed by Hieber [5] can therefore be 


completed as follows: 


[Co(NH,).)***; [Co(CNR),| 7; [CoC PR,).(CO)s| *; 


} Co |[P(OR),] (CO), (3; [Co(CO),|3 ; [Co(CO),] 


In this series the double bond character acting between ligand and 
metal, which does not intervene in the ammine complex, should therefore 
increase from [Co(CNR),] * to [Co(CO),]-. 
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Volatile copper nitrate, 


an unusual coordination complex 


ADDISON, B. J. HATHAWAY, N. LOGAN 


University of Notting! I-ngland 


Summary: Cupric nitrate, when prepared hydrous form Cu( NO,), from dini- 
trogen tetroxide solutions, is volatile and monon )} the vapour state and in solution 
in organic solvents. Some properties of the comy lure described, and it is suggested 


that the bonding may involve tridentate nitrate groups 


Chis paper directs attention to the possibility that under suitable con- 
ditions the nitrate group in coordination complexes may show bonding pro- 
perties of a kind not hitherto suspected. There are three possible modes 


of association of a nitrate group with a metal ion 


0 


The monodentate nitrate group (1) is the form usually assumed for 
nitrato-complexes, and the infra-red spectra of a large number of nitrato 
complexes have been examined [1]. The interesting compound Ru, N,0,; 
may contain bidentate nitrate groups as shown in (II) [2]. Until 
now no nitrato-complexes have been described having properties which 
would merit the suggestion that the nitrate group can be tridentate. Struc- 
ture (III) carries no implication regarding the number of electrons used 
in bonding; it emphasises the equivalence of the three oxygen atoms, 
which are all at the same distance from the metai atom. A covalent bond 
could then be formed by overlap of a x-orbital of the NO, group with 
d-orbitals of the metal. 

Anhydrous cupric nitrate shows most unusual properties, and may 
possess this structure. It is prepared by the reaction of copper metal with 
a dinitrogen tetroxide-ethyl acetate mixture. From the solution, the com- 
pound Cu(NQO,),. NO, separates on addition of excess dinitrogen tetro- 
xide. The dissociation 


Cu(NO,',.N,0, > Cu( NO). ; N,O, 


readily under \ iu ce dition compound has 


When the anhvdrous 


if unaergoes 


form of deep 


r pressure 
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r pressure curve indicated that the vapour ts sta 
decomposition of the solid is detectable at 150°. 
f thermal stabili in the vapour state. 

e molecula ht of the vapour w rmined by allowing a 

vessel (790 mls.) containing the solid achieve pressure equili- 

and then withdrawing the vapour through a vacuum tap attached 

vessel. The condensation process is so rapid that allthe vapour con- 

in the barrel of the tap. The molecular weight was calculated from 

quantity of copper nitrate contained in a known volume of gas al a 

known temperature and vapour pressure. The value obtained (M 187) 

ndicates that the gas is monomeric. 

fact that copper nitrate can exist in the gaseous state as a stable 

ile must imply a high degree of covalency in the Cu-NO, bonds, and 

group must be capable of a type of bonding not hitherto suspe- 

‘rom the vapour pressure-temperature relation, the heat of vapou- 

risation Is 15 K.cal/mol. These observations (together with the deep blue 

lour of the solid) could be explained if we consider the molecule to have 

1 sandwich structure, the nitrate ions being parallel, with the copper ion 

between the planes. Such a structure would tend to reduce the inter-mole- 
cular forces, and thus account for the low heat of vapourisation. 

Anhydrous copper nitrate has a high solubility in oxygen-containing 

solvents (e.g. dioxan, ethyl acetate) and measurements by the ebulliosco- 

pic method show that in solution the compound is again monomeric, In- 


vestigations on the solution with the intention of elucidating the structure 


VOLATILE COPPER NITRATE, AN 


of the solute are undesirable. sines 


with these solvents. 


It is hoped that present work on the 


Stallography of the solid will throw mor 


} 


sual compound, which must be 


consider 
\ Penney il survey is also be ing made ol 


metals, many of which are unknown 


show no volatility 


Dtisct 


Nigam How stable 
xide a el | 4 tate 7 ) Wa 


olutic [ so, with what re 


Addison ve not vet att 
tre ntetreo le 


particular 


mple. The 


Liquori (/ 


Addison xX 


| 
Malatesta 


Addison 


{ 


Sartori 


Addison 


Fletcher 
er tormes 


ture 


Addison 


but we 


coppt I 


COORDINATION 


COMPLEX /1 


mo ¢ ompl Xes 


Clathrate compounds of cycloveratril 


VINCENZO CAGLIOTI, ALFONSO M. LIQUORI 
NICOLA GALLO, EDOARDO GIGLIO, MARISA SCROCCO 


Chimica Generale ed Inorganica, Universita di Koma 


Istituto di 


Istituto di Chimica Generale ed Inorganica, Universita di Bari 


It is shown that Cycloveratril, a macrocycle obtained by condensation 


forms typical clathrate compounds with a large variety of 
unit cell dimensions 


Summary 


of formaldehyde and veratrole 
ganic molecules. On the bases of the infrared spectra and of the 
determined by X-ray diffractio all the 
f the X-ray intensity distribution in the 


examined clathrates may be divided into two 
groups: a and 5. Inspection reciprocal lattice 
irier transform principles have led in a rather direct way 


ind considerations based on I 
a cycloveratril molecule, whic 


to determine the approximate molecular configuration of 


leads itself to explain its ability to form clathrate structures 


A few years ago, Oliverio and Casinovi [1], as a result of a chemical 
investigation on the reaction between formaldehyde and veratrol, rea- 
ched the conclusion that a compound with a cyclic structure is obtained 
as final product of this reaction. These results, in combination with phy- 
sico-chemical data provided by Bertinotti, Carelli, Liquori and Nardi [2] 


for this compounds, led to the following formula: 


“\Y 


e) 


In the course of their investigation, Bertinotti, Carelli, Liquori and 
Nardi described that crystals obtained from chlorobenzene or benzene 


CLATHRATE COMPOUNDS Ol! YCLOVERATRII 
soiution occlude solvent molecules and give X-ray diffraction spectra, 
which are almost identical for the geometry— but different for the intensity 
distribution of the reflections. These observations have suggested us to 
carry out a more systematic and thorough study on this compound in or- 
der to establish whether it can form typical clathrates, and investigate 
their structure and physico-chemical properties. Some preliminary results 
have already been obtained, which we consider worth to submit to the 
present discussion. 

Thus far, clathrates containiny the following occluded molecules have 


been examined: 


Benzene 
Chlorobenzene 
roluene 
Chloroform 
Acetone 

Carbon disulphide 
Butirric acid 
Acetic acid 
Phiophene 
Decalin 


rhe 1.1. spectra of all these clathrates have been measured and the 
unit cell dimensions, the density and the imber of occluded molecules 
have been determined for a number of ithrates. In the case of the cla- 
thrates containing benzene and acetone be distribution of the dilffrac- 
tion amplitudes has also been investigat: sing Fourier transform princi- 
ples. 

From a comparison of the I.R. spectra of all the clathrates thus far 
examined, a very interesting effect has been observed. Besides the neg 
ble contribution due to the occluded m« ules, which are present in a 
small percentage in weight, the I.R. spectra may in fact be divided into 


two groups, i.e. « and 8. In fig. 1 the I.R. spectra for two typical clathra- 
i}. 


tes belonging to the « group and to the 8 group are shown. (Fig 


~* 


As it may be seen, the main diflerence between the two spectra lies 
in the fact that some peaks present in the type spectrum, are splitted into 
doublets in the 8 type spectrum. Furthermore, one peak present in the 
x type spectrum is absent in the § spectrun 

In table I, the positions of the peaks are reported. 

A very interesting correlation has been observed between the I.R. spectra 
and the dimensions of the unit cell of the clahtrates thus far investigated 
by X-rays. In table II, these dimensions are given together with the type 
of LR. spectrum, the density and the number of occluded molecules. 


(Table Il). 
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way as to leave open space and to occlude smaller molecules. As to a 

e explanation for the difference between the « type and 8 type 

clathrate structure, the data thus far obtained do not seem to be sufficient 
to make a plausible hypothesis. 

Further work now in progress is required in order to classify this in- 
teresting point. From the structure determination in progress, it appears 
not unlikely that ciclic trimers arranged in pairs rather than ciclic esamers 
are present in the crystal. Also in this case the molecules would not be 
planar. The final results will be reported elsewhere in due time. 
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DISCUSSIONS 


Powell (Oxford In the analogous case of clathrates formed by tri-o-thymotide there are 
ny different types of crystal structure formed according to the dimension of the included 
very precise rule is found, namely that for unbranched or only slightly branched 

phatic molecules as included component, a maximum dimension of 9% A is allowable for 
if structure, and larger molecules form a second type. As the other two dimensions are 

the structure types change, and it is not so easy to correlated dimensions and struc 
rhe present case may prove to be similar, but it will be necessary to make further 

s in the molecule to find whether this is so. It appears to be a more complicated case 


thymotide 


Liquori is very interesting for us to learn that tri-o-thymotide is also able to give 
many differs types of crystal structures. However, in the case of cycloveratril we have not 
found thu ny simple rule which explains why there are two types of clathrates. As far 
is the relations between the number and the size of the occluded molecules are concerned, re- 

larit may be found within the a-type. For instance, the number of occluded molecules 


g from benzene to chlorobenzene to toluene, in the same order as the molecular 

In conclusion, we are hopeful that the preliminary information obtained by 

li m of the Fourier transform method will form the bases for a detailed structure deter 
mination, which will eventually disclose all the yet obscure aspects of the structure of this 


new type clathrates. 


Duncanson ( Welwyn, Herts) — Are there any bands in the infrared spectra of the complexes 
which can be attributed to the occluded molecules ? Comparatively rare cases, where the use of 
polarised radiation to measure the infrared spectrum of a single crystal will help to elucidate the 
structure. I think in particular that measurements of the dichroic ratio of the CO stretching 
band of the acetone complex would be promising in this respect. 


Liquori rhe percentage in weight of the occluded species with respect to cyclohexave 
ratril is rather low. lor this reason, the contribution to the whole infrared spectrum, due to 
the occluded molecules is often neglectabl Hlowever, in some cases, such as the clathrate 
containing chlorobenzene, a band due to the C-Cl group may be observed. It is our intention 
to carry out infrared dichroic measurements on these crystals in order to study the orientation 
of the chlorobenzene molecule with respect to the crystallographic axes as Dr. Duncanson 


ige 
suggests 


On some aromatic molecular complexes 


of silver perchlorate 


GIORGIO PEYRONEL, GIORGIO BELMONDI, IDA MARIA VEZZOSI 


Istituto di Chimica Generale dell’ Universita di Modena Italia 


Summary: Some new aromatic molecular complexes of the electron donor-acceptor 
type, given by silver perchlorate with naphtalene, phenantrene, alpha- and beta-methyl- 
naph talene, orto-, meta- and para-xylene and other aromatic hydrocarbons, were isolated 
in the solid state 

The preparative and analytical techniques used for their identification are described 


and their possible constitution is discussed. 


Hill's studies [1] on the systems silver perchlorate — water — benzene 
(and respectively toluene) had already established, in 1922 and 1925, the 
existence of the solid complexes AgClO,. C,H, and AgCl0,.C,H,. No other 
silver aromatic hydrocarbon complexes have been till now isolated in the 
solid state. 

Several investigations have been made, in the last eight years, on 
the argentation of aromatic hydrocarbons and some of their derivatives, 
specially by Andrews and Keefer [2] and Kofahl and Lucas [3], by measu- 
ring the solubility of the aromatic sustances in aqueous (or equimolecular 
methanol-water) solutions of silver nitrate mantained at constant ionic 
strength by addition of appropriate amounts of potassium nitrate. For 
most of the substances at least two equilibrium constants A, and A, were 
calculated, corresponding to the formation of two complexes with a ratio 
of silver ion to aromatic substance 1:1 and 2:1. The A, constants have 
always very low values, of the order of about one tenth of the A, value, 
and their reliability depends on several assumptions regarding the proper- 
ties of the aromatic substances and of the ions in solutions of different sil- 
ver ion concentration. It might be interesting to investigate the composi- 
tion of these complexes in the solid state. 

We have, therefore, prepared some new solid silver perchlorate com- 
plexes of aromatic hydrocarbons. Because of the very high hygroscopicity 
of silver perchlorate and of its molecular complexes, all the manipulations 
were made in an atmosphere kept dry by means of phosphorus pentoxide. 
Silver perchlorate has to be completely dried up to constant weight at 
115° over phosphorus pentoxide and all the reagents have to be carefully 
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anhydrified in order to get analytically reliable results. The aromatic hydro- 
carbons were Eastman Kodak chemicals of the highest purity grade. The 
following techniques were used for the preparation and the identification 
of the complexes. 

Naphtalene. Silver perchlorate and naphtalene are alternatively dis- 
solved at room temperature in benzene up to the saturation with naphta- 
lene. By adding an equal volume of ligroin the silver perchlorate -- naph- 


B+L 


talene complex is precipitated. If the solution ts sufficiently concentrated 
in naphtalene no precipitation of the silver perchlorate benzene com- 


plex occurs. Owing to the difficulty of washing the crystals with ligroin 


without decomposition, the Schreinemakers’method was used for the 
identification of the complex by analysing several solutions and their wet 
solid at the equilibrium. Fig. 1 shows a projection of the Schreinemakers’ 
lines on the middle section of the tetrahedron silver perchlorate — naphta- 
lene — benzene — ligroin. One line, as for phenanthrene, was obtained wit- 
hout ligroin, by crystallization of the complex from benzene solution. The 
complex has the composition 2 AgCl0O,. Naphtalene. 

Phenanthrene. The silver perchlorate phenanthrene complex was 
prepared and identified with the same method used for naphtalene and 


has the composition iqg( 10,4. 2 Phenanthrene. 
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Anthracene. Anthracene is little soluble in benzene and in toluene, 
but using toluene as solvent at 30° it is possible to avoid the precipitation 
of the silver perchlorate — toluene complex, as this complex decomposes 
at 25°. By addition of ligroin (about 3-4 times of the volume of toluene) 
the anthracene complex crystallizes very slowly. Several preparations 


were made from solutions having a progressively higher ratio of anthracene 
to silver perchlorate and cry- 
stals were analysed in the dry 


state. In fig. 1 the silver per- 
chlorate content found in the 4, 
solid is put in ordinate whilst 
the ratio Anthracene/AgCl0, 
of the original solution in to- 
luene is put in abscissa. Bet- 
ween A/Ag ratios of 2,5-4,5 
very fine, long and yellow 
needles are formed which cor- 
respond to the composition 2 
AgCl0,. Anthracene. Between 
A/Ag ratios of 4,5-7,5 needles 
are formed which are shorter 
and thicker and of a different 
color in mass; they correspond 


WEIGHT —> 


to a composition of AgCl0,. 
Anthracene. At greater A/Ag 
ratios of 14-15, obtained by ate 


using ligroin containing an- 
thracene, very beautiful pri- 


smatic crystals are obtained 
which have the same compo- Fic. 2. 
sition AgClO,. Anthracene. 

8-methylnaphtalene. The complex was prepared with the naphtalene 
method and identified by analysing at the equilibrium the liquid, the wet 
solid and the dry crystals. The complex has the composition AgCl0,. 8-me- 
thylnaphtalene. 

In the preceding determinations the samples were analysed both for 
their silver and hydrocarbon content. . 

Liquid hydrocarbons. Silver perchlorate was dissolved in the liquid 
hydrocarbon, the complex precipitated with ligroin or crystallized directly 
from the saturated solution by cooling, isolated and analysed only for 
its silver content. a-methylnaphtalene gave, by precipitation with ligroin 
the complex AgClO,. a-methylnaphtalene. o-rylene gave, either by preci- 
cipitation with ligroin or by direct crystallization, only the complex Ag 10,. 
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2 o-xylene. m-xylene gave, by precipitation with ligroin, the complex 
igClO, m-xylene, and, by direct crystallization, the complex AgClQ,. 
2 m-xylene. p-xylene gave, by direct crystallization, the complex AgCl0,. 
2 p-xylene. Because of its greater instability on evaporation of the 
solvent, this complex was identified by a progressive drying of the crystals, 
weighting the sample at measured intervals of time and analysing it at 
the end of the experiment. As fig. 2 shows, the evaporation of the absorbed 
liquid gives a straight line. The beginning of the decomposition of the 
complex (and its composition) is indicated by the point at which the straight 
line becomes a curve. 

The interaction between the aromatic ring and the silver ion is of 
the electron donor-acceptor type, in which the aromatic molecules funtion 
as electron donors by sharing their x electrons with the silver ion, which 
functions as electron acceptor by a process comparable to Lewis acid-base 
interaction. The silver ion — aromatic hydrocarbons complexes can be de- 
scribed in terms of a resonance hybrid structure involving a no-bond struc- 
ture (Ar, Ag”) and a bonded structure (Ar*-Ag) [2] [4]. 

rhe crystal structure of the silver perchlorate-benzene complex, de- 
termined by Rundle and Goring [5], shows that each silver is bonded to two 
carbons of each of two rings with Ag-C distances of 2,6 A, leading to an 
electron density of about 0,15 electron pair per bond by Pauling’s rule 
and radii. The ClO, ion presumably remains attached to the Ag* or Ag’, 
Bz ions, but in a relatively passive role. The location of silver ion relatively 
to one benzene ring is between and above two carbon atoms. The line which 
connects the silver ion to the center of the carbon-carbon bond makes an 
angle of 100° with the plane of the benzene ring. 

In the case of the non substituted polycyclic hydrocarbons in which 
some carbon-carbon bonds have a higher character of double bond it is pos- 
sible to admit that silver is preferentially bonded to these positions. The 2:1 
silver perchlorate complexes with naphtalene and anthracene have the 
composition which can be predicted by admitting that they have a lattice 
structure, similar to that of the n: n benzene complex, formed by alterna- 
ted planes of hydrocarbon molecules and silver perchlorate molecules, 
in which silver ions are bonded, from both sides of the plane of the mo- 
lecule in a 2 n:n solid complex, to the four carbon-carbon bonds 1-2, 
3-4, 5-6, 7-8 which have total bond orders of 1,84 for naphtalene and 1,81 
for anthracene, as obtained from the bond lengths, 1,361 and 1,366 A given 
by Cruickshank [6] by using the bond order-length curve calculated by 
the MO method and given by Coulson [7]. For the 1:1 anthracene com- 
plex, even if it is already very well characterized analytically and morpho- 
logically, other investigations are necessary in order to better define its 


properties and its relations with the other complex. For phenanthrene the 
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9-10 carbon-carbon bond, for its higher total bond order, is the position 
to which the silver ion of the 1 : 2 complex may be attached. 

In the case of methyl substituted hydrocarbons it was already shown by 
Andrews and Keefer [2] that, notwithstanding that each successive methy] 
substitution increases the basicity of the aromatic nucleus, it increases also 


the steric effect opposing the silver complex formation in aqueous solution. 


This steric hindrance has also the effect of diminishing the ratio between 
silver perchlorate and aromatic molecules in the solid complexes, as it is 
shown by the 1:1 ratio of the « — and §-methylnaphtalene complexes in- 
stead of the 2 : 1 ratio obtained for the naphtalene complex and by the pre 
dominant 1 : 2 ratio of the xylene complexes instead of the 1:1 ratio of 
the benzene and toulene complexes (this latter very unstable as it decom- 
poses at 25°). The 1:1 m-xylene complex is perhaps due to the fact that 
the methyl! substitution in meta position reinforces, by superposed induc- 
tion effects, the same positions of the benzene ring. 
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some new clathrates of hydroquinone 
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Summary: The following new clathrates of hydroquinone were prepared in solution 
of ethanol, with the following molecular composition maximum z A. 3 CgH,(OH),: 


i = CH, CH,Cl N,0 C,H, 


r 1,00 0,7 76 0,37 


\ study of the influence of the pressure (between 30° and 22°) on the clathrability of 
different molecules has shown that the clathration of smaller molecules like methane and 
nitrogen increases regularly, with increasing pressures, up to the theoric maximum value 
of one molecule per cage (1 Ae3 Cel, OH),) it about 100 atm. For bigger molecules 
like nitrogen protoxyde and carbon dioxyde the clatbration increases up to a maximum 
value of about 0,75 molecules per cage, at about 20-30 atm., and then lowers progressively 


to very smaller values at greater pressures 


The clathrability with hydroquinone has been investigated for some 
molecules, four of which have not yet been clathrated but are already 
known for giving hexahydrates. All the experiments were made in the fol- 
lowing conditions. A solution of hydroquinone in ethanol saturated at 30° 
was warmed in a stainless bomb at 35°; the air was removed by repeated 
flushing with the gas and the bomb filled with the gas at the desired pres- 
sure and the solution was cooled from 35° to 22° in eight hours. The pres- 
sure inside the bomb was kept constant during the cooling period. The fol- 
lowing maximum molecular fractions x of the different substances A, 
referred to three hydroquinone molecules, were obtained, at the indicated 
pressures, for the new clathrates: 


A=CH, CH,Cl N,O 
l 1,00 0,75 0,76 
atm. 100 2 (*) 20 
These clathrates give the possibility of a comparative investigation 


on some typical molecules specially for the relation between molecular 
dimensions and clathrability at high pressures. 


(@) By dropping liquid CH,Cl into the solution. 
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It has been observed by H. M. Powell [1] that from a benzene solution of 
hydroquinone, at more than 50 atm., a clathrate of carbon dioxide is obtain- 
ed which has a variable composition and no more than one molecule of car- 
bon dioxide to six of quinol, and has in the main the a-quinol type of 
structure. At moderate, but not indicated pressure, Palin [1] has obtained 
from aqueous solution a clathrate of the §-quinol type. This different 
behavior was interpreted by admitting that in the case of benzene the high 
pressure prevents the formation of the more open §6-structure; water, 
which does not form a clathrate with quinol because of its too small. di- 
mensions, by passing freely through the quinol cage structure, should pre- 
serve the 6-structure. 
As carbon dioxide and nitrogen protoxide are for their dimensions 
just at the limit of the clathrability in hydroquinone, we have made some 
preliminary experiments on these by 


molecules in comparison with 


smaller one as methane and nitrogen. Carbon dioxide and nitrogen pro 


toxide have the same linear shape and very closed axial lengths, CO, = 5,10 


and N,O ),21 A as calculated from interatomic distances and van der 
Waals’ radii [2], which are already considerably greater than the diameter 
of the 8-quinol cage, so that they should be located in the cage with their 
axis in the direction of the holes of the hexagons formed by the six oxygen 
atoms linked by hydrogen bonds. Methane and nitrogen are sufficiently 
isodiametric and have their maximum dimensions [2] very closed to 4 A, 
which is approximately the diameter of the sferical cavities of the 8-quinol. 

rhe points of the curves of fig. 1 were obtained by analysing the crys- 
tals prepared from ethanol solutions at the indicated pressure in the cond- 
itions already described. The clathrates obtained at 1 atm. with 0,26 
mol. for methane and 0,27 mol. for nitrogen protoxide (for this latter two 
different preparations have given the identical result) look like those obt- 
ained for greater pressures. They may be of the 8-quinol type even if in 
a metastable state as Evans and Richards [3] have prepared from ethanol 
the pure 6-quinol form of hydroquinone. The clathrability of methane 
and nitrogen increases progress.vely, with the increasing of pressure, 
up to about the theoric maximum value of one molecule per cage at 100 
atm. in the conditions used in these experiments. The clathrability of nitro- 
gen protoxide and carbon dioxide increases, in the same experimental 
conditions, up to a maximum value of about 0,75 mol. per cage at about 
20-30 atm. and then lowers progressively to very smaller vaiues. 

The behavior of methane and nitrogen is in agreement with the conclus- 
ions of J. H. van der Waals and J. C. Platteeuw |4] that the fraction y of 
the cavities of the 8-quinol occupied by the clathrated molecules (above 
a minimum value of y corresponding to the three-phase equilibrium «-qui- 
nol/clathrate/gas at the equilibrium pressure: y 0,34 for argon) is pro- 
portional to the gas pressure on the clathrate. In our exporiments the clathr- 
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ability is not a linear function of pressure perhaps only because our curves 
are not isothe:ms since crystals were prepared at constant pressures by 
cooling the systems from 35° to 22°, 

Nitrogen protoxide and carbon dioxide do not satisfy three (a, c, d) of 
the four conditions established by van der Waals and Platteeuw [4] for 


1.0} 2 10} 


, , 


the validity of their theoretical treatment of the clathration a) these mo- 


lecules have not a spherical, or nearly spherical, but linear simmetiy; c) 


also if there is not a direct interaction between the clathrated molecules 
in the neighbouring cavities, the fact that the clathrated molecule, for its 
critical dimensions, tends to dilate the occupied cavity, may cause a de- 
formation or a contraction in neighbouring cavities; d) the vibrational mo- 
des of the 6-quinol lattice may be affected by the presence of the clathrat- 
ed molecules as they can interfere at least with the hexagonal oxygen ring 
which is the key-stone of the 6-quinol lattice. It is therefore not unlikely 
to admit that, also if these molecules behave like the other two al lower 
pressures, at higher pressures even a slight contraction or deformation of 
part of the cages may represent a progressively greater steric hindrance to 
clathration. 
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Crystals of CH,- and N,-clathrates prepared at 100 atm. with about 
one clathrated molecule and kept in a dessicator for many weeks maintain 
their trasparency and their brilliancy unchanged, but show a strong iride- 
scence in polarized light, specially between crossed nicols. The crystals 
of the N,O — and CO,-clathrates, kept in the same conditions, become com- 
pletely opaque. This seems to indicate that the dry crystals of these cla- 
thrates, even with a lower content of clathrated molecules, are much less 
stable at normal pressure than those of N,- and CH,-clathrates at their 
maximum content of clathrated molecules. Crystals of N,O-clathrate prep- 
ared at 40-50 atm. are very uniform and look like those prepared at 20-30 
atm.; those obtained at 70 atm. may be impure of a-quinol. The behavior 
of CO, is perhpas still more complicated. 


Other experiments are planned in order to investigate isothermically 


and more rigoroulsy the conditions of equilibrium of these systems at the 
higher experimented pressures. 
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Trans, 


DISCUSSIONS 


Powell (Ox/ord) [ should like to ask how reproducible are the results, provided you keep 
e set of temperature conditions 


Peyronel Provided that all the experimental conditions indicated in the paper are the sa 


, 
me for each preparation, the reproducibility of our results seems to be good enough; many of the 
experimental points indeed corresponded fairly well to the positions which might be predicted 
by extrapolation or interpolation of the curves already sketched from the preceding pcints. Ob 
viously these curves have onl a descriptive meaning and more significative results will be obtain- 
ed from isothermal measurements 
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Complexes catalytiquement actifs 
Catalytically active mmplexes 


Katalytisch aktive Komplexe 


Stereospecific polymerizations by means 


of coordinated anionic catalvsis 
Introductory Lecture 
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Summary: The phenomena stereoisomerism in the linear polymers of olefines and dio- 
lefines and the nature of the stereospecific polymerization processes are shortly discussed, 
They allowed the first synthesis of isotactic and svndiotactic polymers and of the four 
pure stereoisomers of polybutadiene, that is: the polymers having 1,2-isotactic, 1,2-syn- 
diotactic, 1,4-cis, and 1,4-trans enchainments. 

rhe structure of catalytic complexes, that prom the stereospecific polymerization 
in the ionic coordinated catalysis, is pointed out. The ire electron deficient complexes 
containing bridge-bonds between very electropositive transition metals, with valence less 
than the maximum, and very electropositive metals with very small ion diameter, to 


which electronegative carbon atoms are coordinated 


" 


Some soluble complexes, based on Titanium and Aluminum, are described, that act 
as catalysts in homogeneous solution 

rhe best stereospecific catalysts for the synthe { isotactic polymers are heteroge- 
neous ones and their stereospecificity is connected » the presence of a crystalline sub- 
strate, formed by a layer lattice on which the active ters contain chemisorbed or epi- 


tattely bound metallorganic complexes (that may exist in enantiomorphous forms 


INTRODUCTION. 


I accepted the invitation of my friend Prof. Caglioti to talk on com- 
plexes as catalysts because it is my opinion that chemists who work on 
complexes might be interested to know how a new field, fertile of important 
applications, has recently been opened up both to catalysis and to che- 
mistry of coordination compounds. 

It is not my intention to speak here in general about the use of com- 
plexes as catalysts: this is a very wide subject matter, with a large num- 
ber of examples, many of which have been known for a very long time. 
It will be sufficient to mention the wide field of Friedel-Crafts catalysts, 
most of which in fact are formed by complexes. They have had various 
important practical applications also in the industrial field, for inst. in 
alkylation processes, in the polymerization of olefins to low polymers 
and in cationic type, not stereospecific processes, whereby unsaturated 
ethylenic monomers containing electron releasing substituents (such as 
e. g. isobutene and isobutyl vinyl ether) are polymerized to high molecular 


weight polymers. 
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[I am going to deal here only with a new field, that of coordinated 
anionic catalysis, which has been introduced to practice only recently 
and which has led to the discovery of truly stereospecific polymerization 
processes yielding polymers of olefins and diolefins having a sterically 
regular structure. 

[he synthesis of these new polymers not only is of scientific inte- 
rest, but also of the greatest practical interest because of their applica- 
tions in the production of new plastics, new textile fibers, and new rub- 
bers. [1]. 


Slereoisomerism in the linear polymers oj olefins and diolefins. 


[ will consider briefly stereoisomeric phenomena in high, linear po- 
lymers because they are related with the nature of the catalytic com- 
plexes which generate them. 


ISOTACTIC 


SYNDYOTACTIC 


ATACTIC 


Chains of different stereoisomers of vinyl polymers supposed lying in a plane 


[he stereospecific catalysts have made it possible to obtain, by poly- 
addition of vinyl monomers, long linear head-to-tail chains consisting of 


sequences of monomeric units having the same steric structure. These 


polymers, which we called « isotactic » polymers, [2] are able to crystal- 


those in which the monomeric units of different steric structure 
ged at random, (« atactic » polymers) generally cannot crystallize. 


STEREOSPE( POLYMERIZATIONS BY MEANS 


oF ORD. ANIONIC CATALYSIS 591 


With certain monomers and special stere 


ospecific catalysts we obtained 
also another type of crystalline polymers 


ntaining long regular head- 
to-tail sequences of 


monomeric units with ilternatively opposite steric 


polypropy lens us determined | X-Ravy* 


configuration, which we called « syndiotact polymers. The chains of 
f stereoisomeric vinyl polymers supposed stretched in a 
are represented in ligure l. 


In figure 2 the forms which the chains 


and polystyrene assume in 


ic polypropylene 
crystals are shov 
In the case of diolefins the new stere¢ 


polymerization pro- 
cesses have made it possibl 


to obtain not crystalline polymers cor- 
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Fic. 4 Chain structure of the polybutadiene chains determined by Natta-Corradini by X-Ray 


for 
the four crystalline stereoisomers. 
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responding respectively to the two types of geometrical stereoisomery 
[4] which are present in nature in hevea-rubber and in guttapercha, but 
also other stereoisomers which do not exist in nature, such as the iso- 
tactic and syndiotactic polymers, obtained by 1-2 or 3-4 enchainment 
of monomeric units deriving from conjugated diolefins [5]. 

In fig. 3 the structures of the stereoisomeric polymers which we pre- 
pared from butadiene are shown, while in fig. 4 we represent the con- 
formation whieh the same chains assume in crystals, whose structures 
were determined by us. [6]. 


Catalytic complexes in coordinated anionic catalysis. 


In some of my previous papers I have discussed the kinetics of the 


polymerization and indicated the composition of some catalysts which 


promote the stereospecific polymerization of alpha-olefins. 

Those papers show that most of these catalysts have one characte- 
stic in common, i. e. that of being formed by metallorganic complexes 
of strongly electropositive metals of small ionic diameter, in which car- 
bon atoms, deriving from an anionic form, are coordinated. (table I) [7]. 


TABLE |! 


Electronegativity tom Radius lon Radius 
(1) i 41° (2) 


(1) Mlectronegativity, according to L. Pauling 


(2) l.. Hl. Ahrens: Ceohim. et Cosmochim. Act. 2 


The underlined metals, that are highly electropositive and have 
small ion radius, give the more interesting metal alkyls for coordinated 
anionic catalysis. 

While the practical applications of coordinated anionic catalysis 
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have already reached a remarkable development, the study of the true 
nature of the catalysts is just at its very beginning and might represent 
a fascinating research in the field of the chemistry and structure of me- 
tallorganic complexes. It present, however, difficulties and complications, 
because the composition of the best heterogeneous catalysts now in use 
is mostly not well defined. 

It frequently occurs in heterogeneous catalysis that the catalytic 
activity is connected with the existence of surface irregularities, of re- 
ticular gaps or of solid phases whose composition is not well definied. No 
wonder, therefore, if the same thing happens also in the case of hetero- 
geneous anionic catalysis, in which the catalytic action is related to the 
existence of active centers on the surface of the catalyst and of chemi- 
sorption compounds, whose composition differs from the overall compo- 
sition of the catalyst itself. 

It cannot any longer be doubted, however, that the activity of the 
best stereospecific catalysts in the alpha-olefin polymerization is connec- 
ted with a coordinating action of strongly electropositive transition metal 
atoms, situated on the surface of a solid, microcrystalline phase (for inst. 
of low-valence halides) which prometes the chemisorption of metallorganic 
compounds. 

It is of significance to recall here that many halides of polyvalent 
metals (some of which corresponding to the highest valence of the same 
transition metals which in their lower valence state are employed now 
in anionic catalysis) may act as Friedel-Crafts catalysts, that is as cata- 
lysts of cationic type. 

Che electropositivity ol a trausition metal atom increases as its vi 

decreases. Only low valence compounds of transition metals ca 
in a coordinated catalysis of the anionic type, but not those of 
poorly electropositive metals (e. g. platinum, palladium etc.) which are 
inactive, even if in a low valence state. The compounds formed by Pla- 
tinum (II) or Palladium (II) halides with olefins, which were in the past 
the best known, stable compounds of well defined composition of metal 
halides with olefins, do not act as catalysts. This is due to the fact that 
in the olefin molecule bound in these complexes there is no considerable 
change in the nature of the olefinic double bond, while catalysis either 
cationic or anionic requires the presence of bonds of the ionic type, in 
which carbon ions take part. 
Crystallizable complexes of transition metals, having a definite com- 


position and having by themselves catalytic actién in anionic polyme- 


rization of ethylene even in homogeneous phase, such as (C,H;), TiCl, 
Al(C,H,), have been obtained by us only in a few particular cases, but 
their catalytic action is always rather poor. Their X-ray examination 
in our laboratory demonstrates the existence of Al-C/-Ti bridges, with a 
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Ti-Cl distance of about, 2,5 A® and a Ti-Cl-A/ angle of about 90°. These 
compounds although they do polymerize ethylene [8], do not polymerize 
alpha-olefins at all, and therefore no stereospecific action can be ascribed 
to them. 

The most interesting catalysts, the ones which are stereospecific in 
the polymerization of alpha-olefins, act only in an heterogeneous phase [9]. 

In spite of the difficulties encountered in establishing the true che- 
mical nature of the active centers which catalyze the stereospecific po- 
lymerization of alpha-olefins, a great number of experimental data are 
now available, which allow to establish that such a catalytic action 1s 
always connected with the existence of metallorganic complexes, mostly 
electron deficient molecules, in which the carbon atom, in order to be coor- 
dinated with the central strongly electropositive metals, must be rich in 
electrons and therefore must derive from an anionic form, which may 
be originated by the polarization of the olefinic double bond. 


Homogeneous catalysts for the polymerization of ethylene and diolefins. 


Some simple metallorganic compounds act even in homogeneous 
phase in the anionic polymerization of ethylene. However, not all the 
metallorganic compounds containing a carbon-to-metal bond and -having 
a certain percentage of ionic nature show a catalytic action in ethylene 
polymerization. 

[he simple, most. typically ionic metal alkyls, such as the alkyls 
of the metals from sodium to caesium, for which the ionic character of the 
carbon-to-metal bond has been evaluated as comprised between (47 % 
(Na) and 57 % (Cs) [10] are not, by themselves, catalysts in the polyme- 
rization of alpha-olefins and polymerize only diolefins, however, in a non 
stereospecific way. 

Even the metallorganic compounds of the alkaline-earth metals, 
from calcium to barium, do not polymerize ethylene. These metals, in 
fact, have no tendency to form stable complexes and form labile complexes 


only in particular cases, in which they make use of the outer d orbitals. 
This type of coordination is stabilized by the presence of several com- 
plexable groups belonging to the same molecule (polydentate comple- 
xes). The coordination of water in the hydrates of the ions of these metals 
is not an exception to these rules because it may be explained by the 


fact that water is associated in polymeric molecules, so that these hydra- 
tes present an analogy with the polydentate complexes. 
Alaminum-alkyls (ionic character of the bond = 22 %) and li- 
thium-alkyls (43 %) polymerize ethylene to low polymers while with 
alpha-olefins they only yield dimers [11]. 
Already from a comparison of the behaviour of several simple me- 
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tal-alkyls, one can observe that in ethylene polymerization the strongest 
catalytic action is shown by the alkyls of metals having the smallest ionic 
diameters (Be, Al). These metals are, as it is known from mineral che- 
mistry, the ones among the metals of the first subgroup of the first three 
groups in the periodic table, which most easily originate complexes. 

Boron, which also has a very small ionic diameter, and of which a 


large series of metallorganic compounds is known, gives by itself only 


metallorganic compounds which do not show any marked catalytic action 
in the polymerization of alpha-olefins and this is due to the low electro- 
positivity of the metal. (2,0 in the Paulings electronegativity scale). 

In the case of lithium, it is known that its alkyls are mostly asso- 
ciated in a dimeric form Li,R, [12]. Its catalytic action may be connected 
with the resonance between the two forms: Li™(R,Li)~ «+ (LiR,) Liv 
related to the ionic nature of the Li — C bond. 

\ lithium alky!' in an hydrocarbon solvent is a stereospecific catalyst 
for the polymerization of isoprene [13], with formation of the polymer 
having a 1-4 cis enchainment, while in ether solution it loses its stereo- 
specificity, yielding a polymer containing atactic monomeric unit with 
1-2 enchainment. The small Lit (CH,)~ distance and the abilty of 
lithium to give complexes is most probably the reason of the stereospecific 


1-4 cis polymerization. 


The sodium alkyls, like the alkyls of other strongly electropositive 
metals having a greater diameter and a smaller tendency to give comple- 
xes, do not polymerize ethylene and are not stereospecific catalysts in 
the polymerization of diolefins. 

Metallorganic complexes containing transition metals in a low va- 
lence state, for inst. the complexes obtained by reaction between transi- 
tion metal compounds and metal alkyl compounds of metals (like alu- 
minum, lithium, etc.) having small ionic radius may, according to the 
type and composition of the complex itself, respectively yield prevailingly 
stereounitary polymers of 1-4, trans, 1-4 cis, 1-2 isotactic or 1-2 syndio- 
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tactic enchainment or polymers with random distribution of the different 
isomeric units (4) (5). 

I will mention, as an example, certain complexes obtained by reaction 
between aluminum alkyls and chromium acetyl-acetonate. By low ratios 
(lower than 6) between A/R, and Cr acetyl-acetonate used in the prepa- 
ration of the catalyst, in the polymerization of butadiene a polymer with 
1-2 syndiotactic enchainment is obtained. By higher ratios a polymer 
with the same enchainment, but having an isotactic structure is obatined. 

A similar behaviour is shown by other complexes containing oxygen 
or nitrogen, as for inst. those obtained from alcoholates, carbonyls, carbyl- 
amines of transition metals by the action of aluminum alkyls. Their ste- 
reospecificity and their activities depend from the ratios between the 
reactants. These complexes do not act as catalysts in the polymerization 
of alpha-olefins, but some of them polymerize ethylene. In this last case, 
where there is no possibility of stereoisomerism in the polymerization 
products, the ratio between the titanium compounds (for inst. Ti alcoho- 
lates) and aluminium alkyls influence only the activity of the catalysts 
and the molecular weight of the polymers. By low ratios, ethylene di- 
merization to 1-butene occurs [14], while by higher ratios a polymerization 
to not branched high polymers takes place [15]. 


TABLE II 


Angle Distance C-\f A 


Me-C-A bridge terminal 


Aluminum or berillium alkyls have a tendency to form complexes 
and this is demonstrated by the fact that some of them are usually in an 
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associated form (dimers). The X-rays and electron-rays analysis of the 
aluminum-trimethy] dimer has made it possible to calculate the distance 
C-Al for the two carbon atoms forming a bridge between the two Al 
atoms. This distance is 2,24 A° and, being much greater thanthe distance 


existing in the four terminal C-Al bonds (1,99 A®), is the cause for the 


easier dissociability of that bond. 

The Al-C-Al angle of the bridge is very small (70°) because of the 
particular type of bond in the bridge between the two metallic atoms and 
the alkyl group. (The so called « 3-center » bonds whose molecular orbi- 
tals appear to be composed by the hybrid orbitals of two Al atoms and 
one C atom). [16]. 

In this case the catalytic action in the polymerization of ethylene 
to linear polymers may be interpreted as a penetration of a carbon anion 


(rich in electrons) deriving from a polarized ethylene molecule C/H/, CH, 
>-CH-CH,*, in the coordinating field of action of the electron deficient 
complex, with simultaneous dissociation of a metal alky! bridge bond, and 


as a competitive action of the carbon anion of the polarized olefin with 
the carbon atom, which is also negatively polarized, which was before a 
part of the bridge between the two metallic atoms. 


The greater distance of the carbon of the metallic atom bridge can 
justify a greater dissociability of that bond in comparison with the disso- 
ciability of the terminal C-Al bonds. 

The fact that the solubility of ethylene in heptane and its dissolution 
heat (contrary to what happens with methylether) are not increased in 
the presence of aluminum alkyl demonstrates that no process takes place 
with a low activation heat which joins the ethylene molecule, by means 
of its x electrons, to the electron deficient molecule of the aluminum 
alkyl. 

A different interpretation of the ethylene addition mechanism can 
be considered taking into account the electric conductivity of the aluminum 
alkyl solutions in hydrocarbons. This conductivity is attributed by Bonitz 
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[18] to a ionic dissociation. Also in this case the insertion of an ethylene 
polarized molecule between the two ions of opposite charge is considered. 


~ 
~ 


Soluble, well defined compounds which act as catalysts in the poly- 
merization of ethylene are e. g.: 

Metal alkyls, mostly existing in polymeric forms (for inst. dimers) 
polymerizing ethylene to low polymers, such as: 


Li, (C,H;5), ; Be, (C,H;), ; Al(C.Hs), 
Soluble crystallizable metallorganic complexes polymerizing ethylene 
both to low and high polymers: 
(C,H,).TiCl,Al(CLHs), melting point 126-130°C 
(C,H,),TiCl, AICIC,H, 88-920C 


Other soluble catalysts are not crystallizable (for inst. the reaction 
products between Ti alcoholates and Ai alkyls), but the most active ca- 


talysts in the polymerization of ethylene are those insoluble in hydro- 
carbons, described in the next paragraph. 
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Heterogeneous catalysts. 


The simple metal alkyls considered in the proceeding chapter, and 
even the most active of them (aluminum, berillium, lithium alkyls) po- 
lymerize ethylene in a rather slow way through a stepwise addition pro- 
cess. They allow, when used alone, only to obtain rather low ethylene po- 
lymers, of average molecular weight below 10.000, which are of scarce 
practical interest. 

The reason of this is probably the fact that in the polymerization at 
elevated temperatures the chain termination step is very fast, while it is 
very slow at low temperatures and, when the linear polymeric chain be- 
comes very long, the polymer has a tendency to crystallize, thus blocking 
as inclusions the small diameter metals strongly linked to the chain end. 

The Ziegler’s polymerization process [17] for the low pressure poly- 
merization of ethylene to very high molecular weight polymers, uses 
catalysts obtained by reaction of a metal alkyl with some transition metal 
compounds. The first catalysts described by Ziegler and most widely 
studied both in Europe and in America are those obtained by reacting 
TiCl, with aluminum trialkyls. The reaction, which is a very complex 
one, takes place in several stages. The first step of titanium alkylation is 
followed by a successive stage of homolytic decomposition of the titanium 
mono-alky! compound. During this stage free radical are formed and at 
the same time a reduction of titanium from valence 4 to 3 or less takes 
place. If Al-triethyl is used the free ethyl radicals disproportionate, for 
the most part, to ethane and ethylene, and the latter partially polyme- 
rizes to polyethylene. 

rhe reaction between TiCi, and AIR, can be considered as taking 


ylace in several steps: 
| | 


I) Alkylation of TiCl, and homolytic decomposition of organo-ti- 


tanium compounds: 
TiCl, + Al(C,Hs), — AUC,H;),Cl + TiCl,C,H, 
Ticl,C,H, —+ Ticl, + +-C,H, 
TiCl, + 2Al(C,H;), —+ TiCcl,(C,H,), + 2Al(C,H;),Cl 
TicCl(C,H;), —+ Ticl,C,H, + -C,H; 
Ticl,C,H, — Ticl, + -+-C,H, 
2 -C,H, —- C,H, + C,H, 


Il) Formation of insoluble complexes of the type: 


TiX,Y + R’AIR”, —> X,TiYR'’AIR”, 
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an example of this type of com- 
plexes is given in the soluble 3 i onc 
crystallizable compound (C,H;,), £ on ay 
TiCl,AUC,H,)., which can be ~ 
formed by addition of one mol. 
of (C,H,), Ticl to one mol. of 
WCC Hs). 

Only when the alkylation 
of TiCl, is carried out with Al- 


25 


dimethvl-monochloride the 
greater stability of the CH,” ion 
in comparison with the CH,~ ion 
allows the separation and even 


the purification by distillation 
of the TiCl, « CH, compound. 
[19]. The latter decomposes, ho- 
wever, very fast by mild heating 
vielding the brown form of TiCl, 
which crystallizes in needles. 
According to our X-rays mea- 


sition of the catalysts obtained in the 


surements this orm Is 1somor- tween Al (C,H,), solution (0.729 mol/l 
phous with the 7iJ, form des- nd 7 ition in n-heptane (0.0455 mol/l 
cribeb by Klemm [20]. 

In general, when higher al- 


kyl aluminum compounds are reacted with a titanium tetrahalide, a preci- 


fr 


as 


@.Q/Ti 
00 A/T | 


_—__+—_—~¢ | 


position varies according to 
| 27 the Al/Ti ratio, (fig. 5) the 


—_ i etaeeite pitate is obtained whose com- 
- los : 


temperature, the time (fig. 6), 
ind the kind of alkyl group 
used. 

As a consequence, this 
precipitate exhibits a catal- 
ytic action which varies with 
ts composition and with the 
time, but which is in some 
ises very high, particulary 
by Al/Ti ratios of about 2. 


Such a precipitate contains, 


tt i) m 
o'ett«s « a, amo 


= oe ne, also aluminum and alkyl 


besides titanium and chlori- 


Fria. 6 Composition of the catalysts obtained by rene Croups. Doubtless it cont- 
ting A/ Cl , und TiC, (Al Ti 1.5) in heptane solu- 


iins those elements combin- 


tion, et tHe it different reaction time 
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ed with other in complexes whose formation is partly due to character 
of a Lewis’ acid of the Al-trialkyl. In fact it is not possible even by 
accurate washing with inert solvents to separate completely the aluminum 
alkyl compounds from the diand trivalent titanium halides. 

It must be assumed that in such complexes the compound A/CIR, 
or AIR, is combined with a tri- or divalent titanium compound, according 
to the conditions in which the catalyst is prepared. 

The fact that the primary process in the reaction of TiCl, with AlR, 
is an alkylation, leading to the formation of an alkylated titanium com- 
pound (which decomposes yielding free radicals) induced many chemists 
to think that the 7iCl,-AlR, system could act as the initiator of a free 
radical type polymerization and that monomeric units, absorbed in ordered 
succession on the surface of a solid phase, could add to each other thus 


forming sterically ordered structures [21]. 


The formation of free radicals, which is observed during the formation 


of the catalyst, can in fact start the polymerization of certain monomers 
(e. g. styrene, diolefins) but not that of aliphatic alpha-olefins to high 
polymers, when the process is carried out at low temperature and low 
pressure, in the presence of solvents. 

At firts the study of the Ziegler’s catalysts presented some difficul- 
ties and their kinetics of polymerization appeared very intriguing be- 
cause they are quite unstable, and their activity varies during the time. 
They polymerize ethylene and some of them, if prepared in particular 
conditions, and with particular ratios between metalkyls and transition 
metal compounds, may polymerize alpha-olefins, but their stereospecificity 
is generally poor. 

In studying the alpha-olefin polymerization we were able to obtain 
certain highly stereospecific catalysts, yielding substantially only iso- 
tactic polymers and others yielding only atactic polymers [22]. 

The most interesting results, from both theoretical and practical 
standpoint in producing isotactic polymers were achieved by us by means 
of catalysts which show a high stability in the time. We obtained them 
by contacting insoluble crystalline halides (with layer lattices) of di-or tri- 
valent transition metals with organometallic compounds. Such catalysts 
may, if suitable metallorganic compounds are used, (Al-triethyl, Be-die- 
thyl, etc.) be highly stereospecific and yield isotactic, highly crystalline 
polymers. 

On the contrary, by means of the same organometallic compounds 
absorbed on amorphous carriers containing transition metal compounds, 
amorphous atactic polymers are obtained. 
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Characteristics of the coordinated anionic catalysis. 


Before giving an interpretation of some aspects of stereospecificity 
and trying to explain its causes, the exposition of some characters of 
coordinated anionic catalysis may be useful. 

Independently of their stereospecificity, the catalysts used by us 
represent a special type of catalyst, since in many cases they make it 
possible to obtain polymers having a chemical constitution which is dif- 
ferent from that for the previously known polymers, and this even in the 
case of the atactic polymers of alpha-olefins. It was possible to demon- 
strate in fact, through infra-red examination, that the new alpha-olefin 
polymers have a greater regularity of structure, and particularly a head- 
to-tail enchainment more regular than that of polymers obatined by 
other processes. 

We are of the opinion that the difference between the more classic 
anionic mechanism and the mechanism which we attribute to our pro- 
cesses is to be ascribed to the particular coordination bonds contained 
in the catalysts used by us. 

The arguments in favour of the hypothesis of a coordinated anionic 
catalysis are the following: 

1) The linear, regular head-to-tail structure of the macromole- 
cules, obtained by polymerization of CH, CHR monomers, in which 
R is an alkyl group, according to the greater tendence of the CH, group 
(in comparison with the CHR group) to give a carbanion able to be coor- 
dinated in a metallorganic complex. 

2) The nature of the terminal groups contained in the macromole- 
cules of poly alpha-olefins, characterized by the presence of terminal 
vinylidenic groups at one end of the chain and generally, at the other end, 
of terminal alkyl groups corresponding to the normal saturated alkyl 
containing the same number of carbon atoms as the normal chain of the 
polymerized olefins [23]. 

3) The presence, in the most active catalysts, of at least two dif- 
ferent metals which are, all of them, highly electropositive and able to 
form complexes. 

1) The stronger catalytic activity of the complexes containing 
metallic ions, which have a small atomic radius and generate locally more 
intense electric fields: berillium (ionic radius 0,35 A), aluminum (0,51 A), 
and, among the monovalent ions, lithium (0,68 A). 

5) The electric conductivity of ionic type, with migration of the 


groups richer in alkyls toward the anode, shown by the solutions of the 
alkyl metal compounds (such as an aluminum trialkyl) and of their ca- 


talytically active soluble complexes. 
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6) The different reactivity of the monomers in the catalysis which 
follows a reverse order in respect of that of the cationic catalysis, (with 
exclusion of those monomers containing substituents which can poison 
the catalysts). The reactivity of propylene and butene is lower in com- 
parison with ethylene according to the presence in their molecule of the 


electron releasing —CH, group. 


7) The nature of the chain propagation: 


| (Complex) —CH,-CH R-P + CH, = CHR —+ 
» (Complex) —CH ,-CH R-CH ,-CHR-P 


and of the chain termination which leads to the formation of a vinylidene 
bond through transfer of an hydride ion from the CHR group of the 
last monomeric unit to the catalytic complex, which can then initiate 


a new polymeric chain: 


Il (Complex) —CH ,-CH R-P —+ (Complex) —H + CH, = CR-P 
III (Complex) —H + CH,-CHR —+ (Complex) —CH,-CH,R 


This transfer is the easier, the more electron-donor is the R group, 
and it is to be assumed therefore that an hydride ion transfer is involved. 
This may explain the lower molecular weight of poly alpha-olefins, with 
respect to polyethylene or polystyrene. 

8) The fact that the molecular weight is not lowered, contrary 
to what happens in radicalic polymerization, when the polymerization 
is carried out in the presence of certain solvents (e.g. cumene, isoctane, etc) 
known for their ability to pick up free radicals. 


9) The constant rate of polymerization during the time, observed 
when using stabilized catalysts. The solid catalyst is not consumed, unlike 
to what occurs with all the radicalic initiators. 


10) The decrease of molecular weight with increasing of alkyl 
aluminum concentration (fig. 7) which can be explained by a transfer 
of ionic nature, or as a dissociation of the catalytic complex, followed by 
its reconstitution with a different aluminum alkyl compound. 

The addition of a monomer molecule to the organometallic compound 
may be considered a ionic reaction with heterolitic rupture of the metal- 
to-carbon bond comparable to the ionic type addition of an halogen to an 
olefin. This addition requires a polar environment which, in the absence 
of polar solvents, is made possible by a polar surface. 

An increase of catalytic activity, attributable to a polar environment, 
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has been observed by addition of crystals having a layer lattice consis- 
ting of atoms having a different polarity 
One of the most important characters of the anionic catalysis is the 
high instability of the carbanion, which is conserved also when it is 
coordinated in complexes with a highly electropositive transition metal. 
The carbanions are in fact stable only in the absence of protons which 
would transform the carbanion into a more stable alky! group, and in the 


absence of nucleophylic groups, capabl forming anions more stable 


2.5 


Fic. 7 Molecular weight (expressed by intrinsic visco 


concentration in the catalytic system 


than the carbanion and to coordinate themselves in a more stable way 
to the highly electropositive metal of the metallorganic compound. 

In the case of coordinated cationic catalysis it is not the carbon ion 
but the ion with which the latter is combined which coordinates itself 
in a complex: while in the case of coordinated anionic catalysis it is the 
carbanion itself which is coordinated. As we will see, this difference allows 
to explain from the point of view of stereospecificity, the different be- 
haviour of certain anionic catalysts. 

In a cationic catalyst, such as the one formed e. g. from A/,Ci, in 
the presence of an alkyl chloride, complexes of the type (A/C/1,) ~R™ are 
present. The chlorine of the alkyl chloride which takes part in the for- 
mation of the complex enters into a symmetric (A/CI,)~ anion. 

The chlorine which was bound to be alkyl! chloride loses its identity 
and we can admit that a large diameter ion (A/CI,)~ corresponds to the 
carbon cation. This is the cause of the lack of stereospecificity in cationic 
catalysis with catalysts based on aluminum chloride. 

On the contrary in the case of coordinated anionic catalysis, e. g. 
with 7i-Al complexes, the same carbanion initially partaking of an alkyl 


metal compound coordinates itself in a complex in which the electro- 
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positive character of the transition metal favours the coordination of a 


negatively polarized carbon atom. 


ween two metals (for inst. obser- 

Ikyls and in the crystallizable metallorganic Ti-Al 

omplexes previous! cribed), the preferential coordination of ions of 
| the asymmetries of the dimetallic 

d position of the carbon anion in cer- 

rs when the complex is formed by 

ystalline surface, as it is schemati- 

f the layer lattice of the violet 


be the reason for the high 


er stereospecificity of the coo 
anionic catalysis and for the fact that, in the alpha-olefin poly- 
ion. the most act catalysts are given only by asymmetric bi- 
central atoms, atoms of two different 
of the same metal) and not by com- 

ining pul of one single metal 


uld be in mind that the most stereospecific catalysts are 


which the carbanion is coordinated to a metal cation having a 


Be, Li) and in fact the highest stereospec!- 


alkyl berillium compounds. (Table III). 


TABLE III. 


of polypropylene not 


extractable in boiling n heptane 
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rhe catalyst obtained with violet TiCl, and Be(C,H,), yields an higher 
fraction of polypropylene insoluble in boiling n-heptane. The percentage 
of this highly crystalline fraction can be assumed as an index of the 
stereospecificity of the catalyst. 


Transition metal complexes and sltereospe 


It has already been briefly discussed tha 1 ition metals of 
a high electropositive character, in a low ate, can lead to the 
formation of catalysts suitable for the a: pol n of alpha- 


olefins to high polym« 


Simple organometallic compounds etals, in which an 

group is bound | metal by a st polariz nd, are not 

In most of the transition met pounds, which 

ral have poor stability, the bond I valent typ 

lecompose with an homolyti I valent de- 

l» type (in whi 1 metal ; I an electron 
arbon atoms) 

some not vi platinum, 

ns, of the ty; louble 

modified in th he w e olefin 

its 7 electron it) irbi- 

a- 

the 


lo-pentad 
nometallr 
netallic 
in cond 
irbons 
Dhe processes ol hetet 
ona parti viar field the 


| 


plexes formed by hemisorption on 


In particular cases, with crystallin 


ecur connected with epytaxy phenomena 
idsorbed molecule coordination numb 

In general to different coordinat) 

hvbridation o he molecu 

that al 

npounds ition n nd to them 

tetrahedri ure (sp*) should 
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If we consider however many solid crystalline compounds of alu- 
minum, e. g. Al,O, in which the strong field due to the small ionic dia- 
meter and to the charge of A/ strongly attracts the oxygen ions, we ob- 
serve a coordination number 6 (sp*d?), asin the crystal lattice of Al, O, 
(corundum). When the anion bound to the aluminum has a very small 
diameter, e. g. in fluorine, the coordination number 6 of the metal be- 
comes more stable especially in the crystal lattices. 

It appears therefore possible that the aluminum present in the planat 
molecule of a monomeric AlR;, which loses its planarity when aluminum 
issumes the coordination number 4 of the dimer, might assume a higher 
coordination degree in the case that it is chemically adsorbed in an epy- 
tactic way onto a lattice, the metal atoms of which present the coordi- 
nation number 6. 


[t is already known that if the fields existing in 


‘ 


the crystals are ap- 
plied to atoms with different states of excitation, they can induce state 
changes which depend on the field direction and on its symmetry. For 
instance in the case of certain iron complexes, these fields can lead them 
to overcome the transition from the paramagnetic to the diamagnetic 
state. 

We must therefore foresee that the field connected with the crystal 
lattice may act in modifying the coordination number and also the ionic 
character of a metal-to-carbon bond. 

Asymmetry phenomena can occur with greater frequence in the sur- 
face chemisorbed compounds than in free molecules, as for inst. in so- 
lution. They may be caused by difference in the chemical composition 
among the coordinated groups, which are usually considered in the ste- 
reochemistry of complexes, and also by differences produced by the bond 


type or also by the topological differences between atoms having the 


same chemical nature, when these atoms instead of being inside, are on 
the plane surface or on the edges or on the corners of a crystalline lat- 
tice. Topological differences may cause also chemical differences; for inst. 


5 - 
} 
| 


| 
le + FN 
+ * e006 A ee 


10 15 20 25 30 
Constance of reaction rate (after a settling period) in the polymerisation of propylene with 
tained from not ground crystals of violet TiCl, and Al(C,H,),. Temperature 7 TiCl, 


0.80 g/l Al(C,H;s), 41.5 mol/l, C,H.) 0,62 mol/l. 
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an atom which lies inside the lattice appears to be non polarized or sym- 
metrically polarized, while an atom which lies on the surface and particu- 
larly in an irregular part of the surface can present a particularly oriented 
polarization. 

A molecule of the type AlR’R’’R’” or AICIR’, chemisorbed on the 
TiCl, crystalline surface, should show more easily optical stereoisome- 
rism if it is adsorbed on irregular sites of the lattice surface, which pre- 
sents locally asymmetric characters. 

The higher stereospecificity of violet, well crystallized TiCl, and 


o” 
, 


f mol Mor 
2:06,10° 300 495 


™m 


(9G4/V 9, 


°C; Peg, «1450 mntig 


Fic. 10. Constance of reaction rate (after a settling period) in the polymerizatin of propylene with 
catalyst obtained from ground crystals of violet TiCl, and AN CyHs), 


the induction phenomena (settling period with an increase of the cata- 
lytic activity during the time), observed in violet TiCl,, can be attributed 
to the fact that in this type of TiCl, the (001) faces are well formed and 
therefore the alkyl aluminum compound is adsorbed more tenaciously 
by epytaxy on the border of these faces or on irregular sites, thus for- 
ming stable complexes with a particular asymmetrical steric configura- 
tion acting as catalysts in the polymerization. In figures 9 and 10 the 
kinetic curves relating to the propylene polymerization by means of 
TiCl, crystals are reported (fig. 9 unground; fig. 10 finely ground) 

The induction phenomenon observed in unground TiCi, can be 
attributed to an increase of the active centers, due to the formation of 
fresh surfaces caused by cleavage along the base planes of the crystals 
which occurs by a mechanical action due to the formation of bulky po- 
lymer on the edges of the crystalline laminae. With finely ground TiCl, 
such a phenomenon is observed in a lesser degree because it is masked 
by a recrystallization which acts in the opposite sense. 

The determination of aluminum alkyls by means of C™ lebelled alkyls 
shows that only a portion of the aluminum alkyl adsorbed at low tem- 
perature on TiCi, (viz. the more tenaciously adsorbed) can initiate the 
polymerization of alpha-olefins. 

If the adsorbed aluminum alkyl assumes, by epytaxy, the coordi- 
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nation number 6 of TiCl,, asymmetry cases are foreseable even when the 
groups of different type, bound to the aluminum atom, are only three 
or even two. (fig. 11). For inst. a complex group of the type Cl,AIR,, 
epytactically partaking of a locally asymmetrical zone of the TiCi, lat- 
tice, should easily exhibit an optical type asymmetry. 

If one of the R groups, coordinated with the asymmetrical complex 


CaM 
4 


Fic. 11 Schematic model o ow ¢ adsorption of Al¢ (C,H), on the bordet of the basal 


plane of a crystal of Ti . > 12 A, 1750 A) may give rise to enantiomorphous active 


centers, 


of Al and with the TiCl,, crystal lattice can exhibit in the activated state 
a ionic nature, it can become the initiator of a chain of asymmetrical 
addition reactions. The synthesis of isotactic polymers can thus take 


place, since each macromolecule, synthesized from a single active center, 


consists of monomeric units having the same steric configuration. 

Since there is the same probability of having active centers of both 
enantiomorphic forms, the crude polymer will consist of a mixture of 
enantiomorphous macromolecules, each formed by a large number of 
sterically equal units. 

A further research field, i. e. the isolation of asymmetric active cen- 
ters, corresponding to only one of the two enantiomorphous isomeric 
forms, can be of remarkable interest, from the seientific point of view 
since it could solve the problem of asymmetric organic synthesis in the 


field of macromolecules. 
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attivi nella polimerizzazione dell’etilene 


GIULIO NATTA, PIERO PINO, GIORGIO MAZZANTI, UMBERTO GIANNINI 


Istituto di Chimica Industriale del Politecnico di Milane Italia 


Riassunto: Alcuni tra i pit: attivi catalizzatori per la polimerizzazione a bassa pres- 
sione dell’etiiene e delle «-olefine vengono ottenuti per reazione fra composti di metalli di 
transizione e composti metallo organici di metalli molto elettropositivi 

Nel corso delle nostre ricerche sul meccanismo di tali polimerizzazioni ¢ sugli agenti 
catalitici che le provocano, abbiamo isolato una serie di complessi cristallizzabili contenenti 
titanio e alluminio non descritti prima di ora nella letteratura 

rali complessi hanno la formula generale: (C,//,;),TiCl, AIX, dove X é un cloro 0 un 
gruppo alchilico, e risultano paramagnetici 

In base al loro comportamento chimico ed alle loro proprieta fisiche, vengono prope 
ste per tali complessi alcune possibili formule di struttura, e viene inoltre discussa l’azione 


catalitica esplicata da aleuni di essi 


L’attivita dei catalizzatori di polimerizzazione ottenuti per.reazione 
fra alogenuri di titanio e composti alluminio alchilici, pud essere messa in 
relazione con la presenza di complessi organo-metallici contenenti titanio, 
alluminio e legami metallorganici [1]. 

Nel corso delle ricerche sulla natura di questi catalizzatori di polime- 
rizzazione, abbiamo ritenuto interessante tentare la sintesi di complessi 
metallorganici ben definiti contenenti titanio e alluminio e siamo riusciti 
ad isolare una serie di complessi cristallizzabili aventi formula bruta (C,H,), 
Ti Cl, ALX, (dove X é@ un atomo di cloro o un gruppo etilico) che risultano 
cataliticamente attivi nella polimerizzazione dell’etilene, anche a basse 
pressioni ed a temperature non molto elevate (25°-100° C) [2]. 


1) SINTESI DEI COMPLESSI (C,H,),TiCl,ALX,, pove X = Cl o C.H,. 


Facendo reagire il titanio bis (ciclopentadienil) dicloruro rispettiva- 
mente con alluminio trietile, alluminio dietil monocloruro e alluminio mo- 
noetildicloruro in soluzione eptanica a 60°, si osserva uno svolgimento gas- 
soso e, dopo energico raffreddamento, la separazione di cristalli azzurri, 
ricristallizzabili da n-eptano. 

Nella tabella 1 riportiamo i contenuti di titanio, alluminio e cloro (e- 
spressi in grammoatom!) determinati analiticamente, i pesi molecolari de- 
terminati per crioscopia in benzolo, ed i punti di fusione dei tre complessi 
preparatl. 
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TABELLA I. 


Proprieta del 
complesso ottenuto 
Rapporto trovato in base Formula bruta 
all’analisi P.M. per 
crioscopia 


Sostanze di partenza 
del complesso ottenuto 


in benzolo 


AK CyH,)5+(CyHg)gTiCl, | 1: 1,021 : 2,018: 1,953 5-130 833 (CyH,), TiCl, AN C,Hs), (1) 
Al(C,H,),Cl+(C.Hs5), 1 : 0,998 : 2,8886 : 0,9193 2 } (CyH,), TiCl, AICIC,H, (11) 
TiCl, 


AIC,H,Cl,+(CyH,),TiCl, | 1 : 1,029 : 4,100 5-16 51-476 (C,H,),TiCl,AICl, 111) 


Determinazioni quantitative dirette del carbonio e dell’idrogeno non 
sono state fatte, perché esse sarebbero risultate assai imprecise a causa 
della facile decomponibilita dei complessi stessi. I gruppi etilici sono stati 
determinati applicando i metodi gas volumetrici gia noti per la determi- 
nazione dei gruppi etilici negli alluminio-alchili. Per reazione dei complessi 
con alcool etilesico a 100° si ottenne infatti uno sviluppo di gas che all’ana- 
lisi mediante la spettroscopia I.R. risulto essere etano praticamente puro. 

Come risulta dalla tabella 1 la somma degli atomi di cloro e dei gruppi 
etilici, presenti nel complesso per ciascun atomo di Al e di Ti, risulta in 
ogni caso eguale a 4. 

La presenza di due gruppi ciclopentadienilici legati al titanio nei com- 
plessi risulta confermata dalle seguenti osservazioni sperimentali: 


1) Il complesso (1), contenente 2 gruppi etilici per ciascun atomo 
di alluminio, reagisce con acido cloridrico in soluzione eterea in presenza 
di aria rigenerando il bis-ciclopentadieniltitanio dicloruro con rese supe- 
riori al 90 %. 


2) | complessi (1) e (II) reagiscono con acido cloridrico in benzolo 
anidro in assenza di aria fornendo il complesso (III). 


Risulta cosi dimostrato che il gruppo Ti(C,H,), @ presente in tutti 
i complessi esaminati e che i legami Ti-C,H, non sono di tipo « ma piut- 
tosto di tipo x, in quanto non vengono facilmente attaccati né dagli acidi 
né dall’ossigeno. 

Gli spettri di assorbimento I.R. e U.V. di tali complessi, sono in accor- 
do, come verra pubblicato in seguito, con la presenza del gruppo Ti(C,H,),. 
In base a tali considerazioni ed alle determinazioni analitiche e di pesi 
molecolari, si pud attribuire ai tre complessi le formule brute indicate nella 
tab. 1. 

Nel caso del (C,H,), Ti Cl, Al il peso molecolare crioscopico trovato é 


piu alto di quello prevedibile in base alla formula bruta. E probabile che, 
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in accordo con altre proprieta fisiche di questo complesso, quali la scarsa 
solubilita in n-eptano, e l’alto punto di fusione, si possa interpretare tale 
tatto ammettendo che il complesso (III) sia sensibilmente associato in so- 
luzione benzenica. 

Per chiarire l’andamento della reazione di sintesi di tali complessi é 
stato analizzato, mediante la spettrografia I.R., il gas che si sviluppa nella 
sintesi stessa. Poiché tale gas contiene etano ed etilene in rapporto 1: 1 
e non contiene quantita sensibili di altri idrocarburi, la reazione di sintesi 


del complesso puo essere cosi schematizzata: 


1) (C,H,).TiCl, + AKC.H,), > 


> (CH,),TiClAUC,H,) . CH, + = GHs 


La presenza di etano ed etilene, in rapporto | : 1 nei gas svolti durante 
la sintesi, pud essere interpretata ammettendo che in uno degli stadi della 
reazione un gruppo C,H, si stacchi come radicale libero e si dismuti quindi 
in etano ed etilene secondo lo schema (4). , 

Poiché in letteratura sono ben note rotture omolitiche di legami Ti-( 
anche a basse temperature [3] mentre le rotture omolitiche dei legami Al- 
C avvengono di norma solo al di sopra dei 200°, il meccanismo secondo cul 


avviene la reazione di sintesi 1, pud essere cosi interpretato: 


(C,H,),TiCl, + AUCH;) H,).Ti ANC,H,),Cl 


(C;H,)eTiCl + AU(C,H,)_Cl > (C,H,),TiCl,AUC,H,), 


Nel primo stadio della reazione (schema 2) avverrebbe una alchila- 
zione del composto (C,H,),.TiCl,; nel secondo stadio la scissione omoli- 
tica del legame tra Ti e C,H, (schema 3) seguita dalla dismutazione del 
radicale etilico in etano ed etilene (schema 4). Infine il bis-ciclo pentadie- 
nil titanio monocloruro si associerebbe ad una molecola di alluminio die- 
til monocloruro per dar luogo al complesso (schema 5). Tale interpreta- 
zione appare al momento attuale come la pit plausibile. 
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La presenza di un atomo di titanio a numero di ossidazione 3 nel com- 
plesso studiato, é stata confermata, come vedremo in successive pubbli- 
cazioni, dal paramagnetismo e dallo spettro U’.V. e nel visibile dei com- 


plessi stessi. 


2) PROBABILE FORMULA DI STRI URA DEI COMPLESSI STUDIATI. 


In letteratura vi sono ben pochi esempi di complessi contenenti me- 
| 


talli di transizione ed elementi del terzo gruppo del sistema periodico. L’uni- 
co complesso, avente una COMPposizione in iloga al complessi da noi iso- 
lati, é il (C,H,),CrAlCl,, che é stato isolato da Fischer coll. [4], ma non 
estesamente descritto. 

Un complesso contenente Ti e Al, ri(AlH,),, @ stato sintetizzato 
a bassa temperatura da Wiberg e coll. [5], ma é estremamente instabile e 
si decompone, prima di raggiungere la temperatura ambiente, dando Ti, 
i/e H,. Pit stabile del tetra-alanato di titanio risulta il tri-boranato di ti- 
tanio 7i(BH,), ed il cloro diboranato di titanio C/Ti(BH,), [6] che, ana- 
logamente ai complessi da noi isolati, é solubile in etere di petrolio fornendo 
soluzioni di colore azzurro. Per spiegare marcato carattere covalente di 
altri complessi dell’idruro di boro, quali il boranato di berillio Be( BH,), e 
di alluminio Al(BH,), Schlesinger [7] ha suggerito lipotesi che a causa 


della presenza di 


cationi di piccolo diametro e ad alta carica quali Al e 
Be*", il gruppo (BH,) venisse deformato e perdesse il carattere anionico. 

La scarsa conducibilita elettrica delle soluzioni benzeniche e la rela- 
tivamente elevata solubilita negli idrocarburi dei complessi da noi sinte- 
tizzati fanno escludere anche per essi una struttura ionica del tipo (C,H;), 
Ti” (AICI1,R,)~, e rendono invece plausibile una formula in cui i gruppi 
(C,H,).Ti e AICLR, (R Cl o C.H,) sono congiunti da almeno un atomo 
di cloro a ponte. 

Una formula del tipo (C,H,),Ti... Cl AICLR, appare d’altra parte 
improbabile perché il 7i trivalente avrebbe un numero di coordinazione 
tre, che non si riscontra normalmente nei complessi di titanio. 

Pid probabile appare una formula del tipo 


Cl R 


in cui Tie Al sono legati da due atomi di cloro a ponte; in tale caso al Ti™ 


spetterebbe un numero di coordinazione 4 gia riscontrato in altri composti 
di Ti. 
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[ale formula é anche in accordo con dati roentgenografici preliminari 
sulla struttura del complesso (C,H;),TiCl,Al(C,H,), ottenuti in questo 
Istituto, che saranno oggetto di una pubblicazione separata. 

I 
PARTE SPERIMENTALE. 
1) Descrizione delle reazioni di preparazione dei complessi. 


lutte le operazioni connesse con la preparazione o lo studio di questi 


complessi sono state condotte in atmosfera di azoto ad elevato grado di 


pureZZa (oltre 99,9 » | punt di fusione non sono correttl. 


a) Preparazion del (C.H Lidl 1/(¢ oT Jo. 


i g 9,956 di (C,H,),TiCl, (‘) (0,04 moli) sospesi in 80 cm’ di n-epta- 
no (“) vengono aggiunti, sotto agitazione, g 11,4 di Al(C.HI.), (°) (0,1 moll). 
Si nota subito un forte sviluppo di gas, mentre l’eptano si colora in azzurro. 
» alda pol a SUS ( per l ora e mezzo e si filtra a ildo, su setto poroso, 
la soluzione eptanica fortemente colorata in blu. Per raffreddamento a 
-90° C si ottiene un precipitato cristallino, aghiforme, di colore azzurro. Si 
filtra si cristallizza il precipitato 3 volte impiegando 40 cm’ di eptano 
per volta. Si ottengono g 10 di prodotto che fonde a 125-130° C e si 
decompone a 155°C. Il prodotto cosi ottenuto, ha fornito, alla analisi i 


seguenti risultati: 


trovato - - 4 : , “ae , 14.3 
calcolato per (C,H,).TiCl,Al(C.H,) oe BR 


Per poter misurare ed analizzare la quantita di gas svolto nella rea- 
zione, e stata eflettuata una seconda preparazione in presenza di poco sol- 
vente. Si aggiungono 1,82 cm’* di Al(C,/,), sciolti in 2 cm’ di n-eptano a 
g 1,2944 di (C;H,),.TiCl, sospesi in 2 cm* di n-etano in una provetta colle- 
gata ad una buretta graduata per la raccolta dei gas di reazion 

Si ha reazione vivace con forte sviluppo gassoso e riscaldamento che 
viene moderato raffreddando a -40°. Si nota subito la formazione di un pro- 
dotto cristallino azzurro. Per completare la reazione si scalda successiva- 
mente a 70° per 1 ora. Vengono raccolti 91,84 cm* di gas che all’analisi 


I.R. risultano essere una miscela al 50 di etano ed etilene. 


yu CyH,),TiCl, ¢ Stato preparato secondo | to ‘ é : Vilki Birmin- 
gham [8 

*) lin eptano impicgato come solvent (pure “rade Phillips) veniva anidrificato per rettifica su al- 
luminio triisobutile. 

(*) L’alluminio trietile é stato preparato per reazione di scambio tra lluminio triisobutile ed etilene 


in presenza di nichel acetilacetonato, secondo quanto proposto da Ziegler [9 
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b) Preparazione del (C,H,),TiCl,AICIC.H, 


A g 4,978 di (C,H,),TiCl, (0,02 moli) sospesi in 80 cm’ di n-eptano, ven- 
gono aggiunti g 6,05 di alluminio dietil monocloruro (*) (0,05 moli). Si nota 
un debole svolgimento gassoso. Si scalda a 80°C per circa 2 ore, durante 
le quali il colore blu della soluzione diviene via via pid intenso. Si filtra a 
caldo, si raffredda a -50°C e si ottiene un precipitato aghiforme, colorato 
in azzurro, che viene purificato mediante 3 ristallizzazioni da n-eptano 
(impiegando 20 cm* di solvente per volta) 

Si ottengono g 2 di prodotto che fond ‘6-929 C e si decompone a 


180° C. All’analisi si sono ottenuti i seguent 


lato per (C,H,),Ticl,AICIC,H, 


c) Preparazione del (C,H,), TiCl,Alt 


In un pallone da 50 cm’ si introducon 1,24 di (C,H,),TiCcl, (corri- 
9 di AICI.C,H, (0,03 moli). Il composto 


spondenti a 0,005 moli) e g 3,7 
di titanio va lentamente in soluzione con razione verde azzurra. 

Per completare la reazione si scalda a 80° C per 4 ore. Si distilla quindi 
a pressione di 0,2-0,3 mm Hg leccesso di alluminio etil dicloruro. II resi- 
duo della distillazione é costituito da un prodotto azzurro, stallino, che 
viene disciolto in 35 cm* di eptano bollente. Per raffreddamento, a tem- 
peratura ambiente, precipita un prodotto cristallino, colorato in azzurro. 

Dopo 3 cristallizzazioni da n-eptano, si ottengono g 0,730 di prodotto 


avente p.f. 155-160°C che all’analisi ha fornito il seguente risultato: 


trovato 


calcolato per (C,H,),71Cl,AICl 


2) Determinazione del peso molecolare. 


I] peso molecolare é@ stato determinato per crioscopia in benzolo. 


g 0,6364 di complesso I disciolti in 16,2420 g di benzolo hanno for- 
nito un abbassamento crioscopico di 0,596! 1 cul corrisponde un peso 


mol colare di 333. 


L’alluminio dietilmonocloruro e lallumi: etil diclorur sono stati preparati per reazione 
tra Al(C,H,), e le rispettive quantita stechiometriche di A/CI, 
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g 0.3272 di complesso II disciolti in 12,8628 g di benzolo hanno 
dato un abbassamento crioscopico di 0,365° C a cui corrisponde un peso 
molecolare di 353. 

g 0,7190 di complesso III disciolti in 12,4263 g di benzolo hanno 
dato un abbassamento crioscopico di 0,650° C cui corrisponde un peso mo- 
lecolare di 451. 

g 0.9510 di complesso III disciolti in 14,8582 
fornito un abbassamento crioscopico di 0,681°C cui corrisponde un peso 


o di benzolo hanno 


= 


molecolare di 476. 


> 


o) Reazione dei complessi con alcool etilesilico. 


a) Azione dell’alcool etilesilico su (C,H,),TiCl,Al(C.I1,),. 


‘ esso di alcool etilesilico (3 em’) a 0.1386 ¢ di com 
Aone violent on sviluppo Jassoso. 


raccolto in una buretta graduata ed all’analisi LR 


iluppano 1) Nem®* di gas; calcolati per (C,/,) 
Vem’. 


dell’alcool etilesilico sul (C.H1.),7TiCl, AICICLH.. 


frattando g 0,5401 di (C,H ), Ticl, AICIC,H,, con un eccesso di alco 
etilesilico si ha sviluppo gassoso accompagnato da forte riscaldamentt 
Da g 0,3401 di sostanza si sviluppano 20,80 Nem* di etano. 


Calecolato per (C,H,).TiCLAICIC.H, : 22,10 Nem’. 


1) Reazione del (C,H;),.TiCl,AlC,H1,;), con 11Cl, in presenza di aria 


0.7869 di (C,H,), TiCl,AUC,H,;), vengono fatti reagire con 50 

di etere saturato con HCl. Si nota uno sviluppo di gas mentre si forma 

un precipitato rosso poco solubile. Si decanta la soluzione eterea e si lava 

ancora pil volte con etere anidro per allontanare il cloruro di alluminio 
formatosi. 

Si scioglie il precipitato in cloroformio, si estrae con acqua e si filtra 

Per evaporazione si ottengono g 0,4877 di un prodotto colorato in rosso 


La soluzione eterea viene evaporata e il residuo viene trattato con acqua 


ed estratto con cloroformio. Per evaporazione dell’estratto cloroformico 
essiccato e filtrato, si ottengono g 0,0604 di prodotto rosso che viene unito 
al precedente. 

Per cristallizzazione da toluolo si ottengono cristalli rossi che all’ana- 
lisi risultano essere (C,//,),7iCl,. In totale per 0,7869 g di complesso si 
sono ottenuti g 0,5481 di (C,H.),TiCl, con una resa di 93,5 ‘ 
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5) Reazione del (C,H,;),TiCl,AUC,H,), con HCl anidro, in atmosfera 
di azoto. 
g 1,5 di (C,H,),TiCl,AU(C,H;), sciolti in 20 cm’ di benzolo ven- 
gono trattati con 24 cm* di soluzione 0,385 N di HCl in benzolo. 
Si nota riscaldamento e sviluppo gassoso, mentre il colore verde-az- 
zurro della soluzione rimane invariato. Si agita e si scalda a 50° per circa 
mezz’ora. Per evaporazione del solvente a pressione ridotta si ottiene un 


prodotto azzurro che, dopo due cristallizzazioni con n-eptano, si presenta 


sotto forma di scaglie colorate in azzurro e pesa g 0,5312. 
I] prodotto ha p.f. 155-1609 C. 


6) Analisi dei complessi. 

Il complesso viene decomposto con H,SO, al 5 °%. La sostanza orga- 
nica viene distrutta per attacco con miscela solfonitrica. 

Si porta a volume e su una parte aliquota viene precipitata la somma 
degli ossidi di Al e Ti. 

Su un’altra parte viene precipitato il 7i come cupferrato. 

L’alluminio viene determinato per differenza. Per conferma, gli os- 
sidi totali vengono disgregati ed il Ti determinato nuovamente come cupfer- 
rato, e colorimetricamente con H,O, e |'alluminio come 8 ossi-chinolinato. 

[| cloro é@ stato determinato gravimetricamente [11] previa decom- 
posizione del complesso in bomba J.K. universale con Na,0,,. 
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DISCUSSIONI 


Basolo (Evanston) — The zirconium compound (C,H,),ZrCl, is also a known compound. 
However, the oxidation state of + 3 for Zr is less stable than is +3 for Ti. Therefore J wish 
to ask first whether the corresponding Zr compound a forms isolatable complexes with the 
aluminium trialkyls. Second I want to ask if the Zr compound like the Ti compounds is also 
catalytically active in the polymerysation reactions. 


Natta As it is known, catalysts for the polymerisation of ethylene can be prepared 
reacting zircon compounds with metallorganic compo 

We have not tried to isolate pure crystalline complexes containing ; nd metallorganic 
bonds. 


On the formation of intermediate chelate com- 


pounds in model reactions involving vitamin B, 


PAOLO FASELLA, HALINA LIS *, CORRADO BAGLIONI, 
NORIS SILIPRANDI 


delle Universi 


1 pyridoxal-alanine-aluminium Schiff-base metal che- 
nination reactions involving vitamin B,, are describ- 


n of some pyridox catalyzed reactions is discussed. 


[he hypothesis has been advanced that several enzymes act through 

rmation of metal chelates between the active site of the enzyme and 

substrate, with the intervention of metal ions [1]. 

he enzymes, the coenzyme of which is pyridoxal phosphate, cata- 

several reactions involving aminoacids: racemization, transamina- 
tion, decarboxylation etc. Metzler and Snell [2] demonstrated the possi- 
bility of such reactions between pyridoxal or pyridoxal phosphate and 
iminoacids even in the absence of the protein part of the enzyme mole- 
cule, provided that a metal ion is present and that the temperature is con- 
veniently increased. 

According to Metzler et al.’s [3] hypothesis a Schiff base is formed 
between the aldehydic group of pyridoxal and the aminogroup of the ami- 
noacid, the metal ion being required as a stabilizing agent. Indirect spec- 
trophotometric evidence for the formation of such compounds during the 
transamination reaction has been given by Eichorn and Dawes [4]. 

An electrophoretic and chromatographic study of some non-enzyma- 
tic transamination reactions between pyridoxal or pyridoxal phosphate 


and alanine and between pyridoxamine or pyridoxamine phosphate and 


(*) Present address: Institute of Biochemistry, Upsala University, Sweden 
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pyruvate, in the presence of Al+** or Cut** ions, lead us to the isolation 
of two intermediate compounds for each reaction [5]. The absorption 
spectra and chemical properties indicate that these compounds are Schiff 
base chelates between pyridoxal or pyridoxal phosphate and alanine and 
between pyridoxamine or pyridoxamine phosphate and pyruvate. A con- 
tinuous variation study has indicated that the ratio Schiff base: metal 
ion is 2: 1 in the case of the non phosphorylated derivatives and 1:1 in 
the case of the phosphorylated derivatives. 

Evidence was moreover provided that these compounds partecipate 
in transamination. Thus on heating the intermediate compounds can be 
converted one into the other and into the final reaction products. In the 
initial phase of the reaction the transamination rate is proportional to 
the concentration of the fluorescent intermediate. 

Che order of formation of the intermediates in the reaction between 
pyridoxal or pyridoxal phosphate and alanine was found to be the re- 
verse of the order of formation of the intermediates during the reaction 
between pyridoxamine or pyridoxamine phosphate and pyruvate. 

A new simple preparative electrophoretic procedure on multiple 
sheets of paper has provided the mean to obtain relatively large amounts 
of the pyridoxal-alanine-aliminium chelate. Some of its physico-chemical 
characteristics have thus been studied, namely its mobility in the electric 
field, its absorption spectra, the intensity of the fluorescence at different 
concentrations. 

The fluorescence of this compound at pH 5.4 resuited more than 
100 times that of pyridoxal. The knowledge of the intensity of the 
fluorescence in relation to the concentration provides a quick and reliable 
method of determining its concentration in reaction mixtures and has 
made it possible to obtain some data concerning its stability; it was 


thus ascertained that after 5 minutes at 24°C., in a solution buffered at 


pH 5.4, more than 80 per cent of the compound splits into its components. 


This lability might account for the difficulty encountered in isolating it 
in a pure state. 

These results confirm the hypothesis of Metzler et al [3] that the che- 
mical transamination reaction takes place according to the following sche- 


me, slightly modified by us on the basis of the present results: 
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HN 
| 
HOOC-—C-H 
| 
CH3 
Alanine 


H-C-cooH+ At*** 
| 
Ch 
Pyruvate 


\s suggested by Metzler et al. [3] the Schiff base formed by the coen- 
zyme and the substrate provides a conjugate system of double bonds ran- 
ging from the electron-attracting N group of the heterocyclic ring to the 
site of the reaction. The strong fluorescence of the intermediate compound 
pyridoxal-alanine-aluminium might be regarded as indirect evidence of 
the formation of such a system of conjugated double bonds. According to 
Weiss [6] intense fluorescence is shown, in fact, only by those systems which 
are symmetrically conjugated or which do not give rise to strongly ionic 
structures. As to the catalytic metal, Metzler et al. [3] assume that it func- 
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tions in promoting the formation of the Schiff base and mantaining plana- 
rity of the conjugated system through chelate ring formation. The metal 
ion constitutes an additional electron-attracting group acting in the same 
lirection as the heterocyclic nitrogen atom, thus increasing the electron di- 
splacement from the a-carbon atom (referred to the carboxy! group) of the 
substrate. A displacement of electrons from bonds a, or b, or c of Cl (see 
formulas) would result in the release of a cation (COOH*, or CH,*, or H*) 
and successively lead to the variety of reactions observed with pyridoxal. 
The predominating type of reaction is probably dependent upon the amino- 
acid and environmental conditions. A typical example of such an in- 


fluence is provided by the observation (Olivard et al. [7]) that pyridoxal 
in the presence of the metal ions at 100°C catalyses the racemisation of 
l-alanine, provided that the pH is kept at 9-10, while at pH values ran- 
ging from 4 to 8 a transamination between pyridoxal and alanine occurs. 
Experiments performed by us indicate that the pyridoxal- /-alanine- 
aluminium Schiff base chelate, isolated from a transamination mixture at 


pH 5.4, when heated at pH 5.4 in the presence of active charcoal, gives 
origin only to /-alanine and to a minor amount of pyruvate. Free pyri- 
doxal and pyridoxamine are promptly adsorbed on charcoal as soon as they 
are formed, so that the inverse reaction cannot occur. The small amount 
of d-alanine detectable after heating the pyridoxal-/-alanine-aluminium 
Schiff base chelate in the absence of charcoal can be presumtively attri- 
buted to a transamination reaction between the breakdown products. Ex- 
periments are in course to ascertain the identity of the breakdown products 
of the pyridoxal-/-alanine-aluminium base chelate isolated at pH 


5.4 and hydrolyzed at pH 10. 
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Schwarzenbach (Ziirich) should like to ask if it is necessary to assume that the 
tal rmplex which formed as an intermediate in the tra amination of amino acids contains 
two pyridoxals and two alanines per metal This seems to me to be thermodyvnamically rather 
improbable because the compk xes formed are very weak deed, 1 the 1 1 con plexes of py 
ridoxal having a stability constant below 10 

Fasella It was assumed that two alanine an pyridoxal ‘molecules are present fort 
each-Al+ + + in the intermediate compound on the ! f the cont ious variation data. This 
method (Wosburg, J. Am. Chem. Soc., 63, 437, 1) t been used by Eichorn (J. Am. Chem 
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G63, 1954) to investigat tructure of pyridoxal-aminoacid-copper chelates: the 
obtained by Eichorn agree with ours, that is two Schiff base 
ited to one Cut+-+. Further evidence for thi tructure 

1952) who obtained 


molecules were found to be 
was provid d by Baddiley (Nature, 
1 scarcely soluble tyrosin« 


pyridoxal-copper chelate, the elemen 
inalysis of which indicated that one Cu++ was present for two Schiff base 
It is interesting to observe that, as previously stated, the continuou iriation study of the 
phorylated intermediate compounds ind th n this case only one Schiff base mok 


molecules 


is coordinated to each Cut++ 
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Complex formation and metal ion catalysis 


in the decarboxylation of oxaloacetic acid 


EDWARD GELLES 


Chemistry Department, University of lasgow Scotland 


Summary: Metal ion catalysis of the decarboxylation of oxaloacetic acid in aqueous 
solution can be ascribed to the formation of metal chelates. The thermodynamic stability 
of the chelates formed by the transition metal ions with oxaloacetic acid and with other 


keto-carboxylic acids is discussed and related to the talytic power of the metal ions. 


In many metal ion-catalysed reactions in homogeneous solution ca- 
talysis can be ascribed to the formation of metal chelates. Quantitative 
correlations between complex stability and catalytic power have as yet 
been established in only a limited number of systems. 

On chelate formation with a substrate metal ions can act as catalysts 
in different ways. For example, actual electron transfer from the ligand 
to the metal ion can occur, as it does in a number of catalysed oxidation 
reactions. The oxidation of oxalates by manganic ions [1,2] and of glycols 
by ceric ions [3] are two such reactions for which the mode of catalytic 
action has been related to the formation of metal chelates. Metal ions can 
also act as catalysts by their property as Lewis acids of withdrawing ele- 
ctrons from the reaction centre. Examples of such action are to be found 
in the metal ion-catalysed hydrolysis of certain organic esters [4,5], halo- 
genation of ketoesters [6,7], and in decarboxylation reactions [8-11]. 

One of the few reactions of this type, which have been studied in so- 
me detail, is the metal ion-catalysed decarboxylation of oxaloacetic acid 
in aqueous solution. 

Che kinetics of the uncatalysed reaction have been fully investiga- 
ted [9,12]. The acceleration of the reaction by various metal ions was stu- 
died in a qualitative manner by a number of biochemists [14-17]. 

Kornberg, Ochoa, and Mehler interpreted the appearance and decline 
of a strong absorption band in the region, 260-300 my, on addition of 
metal ion to oxaloacetate, in terms of the slow formation of an enolic com- 
plex B, which disappeared on decarboxylation [15]. Later work has shown 
that the formation of a strongly absorbing enolic intermediate produced 
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xylation must also be taken into account in this connection 


o 8 


Steinberger and Westheimer demonstrated that metal ion catalysis 
f the decarboxylation of dimethvl-oxaloacetic acid could be related to 
the formation of a five-membered ring «-ketocarboxylate complex, and 
they obtained chemical and spectroscopic evidence for a reaction mecha- 


nism involving an enolic intermediate. 


\M 


By analogy with the dimethyl substituted acid, which cannot form 
an initial enolic complex of type B, a catalytically active complex A Is 
indicated for the decarboxylation of oxaloacetic acid 

Metal oxaloacetate complexes are considerably more stable than 


pyruvate complexes. 


ABLE 1. Thermodynamic Association Constants for 1:1 Complexes at 25° 


Cue Ox Cu- P* Zn+Ox 


logi 9K 1.9” 2.5 = a” 

Williams has suggested [20] that this may be due to the formation 
of an oxaloacetate dicarboxylato complex C, and that this may play an 
important role in retarding decarboxylation under certain conditions. We 
have now demonstrated that the thermodynamic stability of the oxaloa- 
acetates is to be ascribed to a stabilisation of the «-ketocarboxylate com- 
plex by the second carboxyl group, which may favour the formation of the 
enolic complex [21] 


HOOC-COCH,-COOH HOOC-CO C(CH,),.« COOH HOOC-COCH, «COOC,H® 
I I] IT] 
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The thermodynamic association constants for the copper complexes 
with compounds I-III are all of the same order of magnitude (~ 10° for 
complexes of 1 cupric ion with 1 anion). Ultra violet absorption spectra 
of copper enolates of oxaloacetic esters and the effect of zinc and copper 
ions on the spectra of I, Il, III, and HOOC-.CO-C(CH,), -COOC,H, have 
been studied [21]. Together with the measured association constants [19, 
21}, these spectra show that the ketonic and enolic forms of copper oxa- 
loacetate are of comparable thermodynamic stability, but that zine oxa- 
loacetate is very largerly ketonic. In the pH range for which association 
constants and catalytic rate constants have been obtained the oxaloace- 
tates of the metals of the first transition series (with the exception of cop- 
per) appear to be essentially ketonic and of the type A. 

When the proportion of enolic complex B is very small, the changes 
in ultraviolet absorption spectra with time for metal oxaloacetates can 
be interpreted in terms of the formation of a strongly absorbing enoli: 
intermediate, which is formed on decarboxylation and then slowly keto- 
nises [21]. The complete reaction mechanism is thus analogous to that 
found for dimethyloxaloacetic acid [18] except that a varying equilibrium 
proportion of a catalytically inactive enolic oxaloacetate complex B may 
be present. 

With the detailed reaction mechanism and the nature of the oxalo- 
acetate complexes established, the relation between complex stability and 
catalytic power can now be examined. The association constants for the 
rare earth oxaloacetates were obtained from potentiometric measure- 
ments |22]. The complexes formed by the divalent cations of the first tran- 
sition series were studied by the same method [19]. Measurements were 
carried out over as wide a range of concentration and pH as possible. In 
the formation of complexes overall electrical neutrality and a 1:1 type 
of chelation are both favoured. Thus, the rare earth oxaloacetate comple 
xes are found to be preponderantly MA*, with a much smaller tendency 
for the second association to MA;. The oxaloacetates of the first transi- 
tion series are of the type MA. No potentiometric avidence was found for 
MAH* down to a pH of 2. The transition metal complexes of pyruvate 
and carbethoxypyruvate (III) tend to be MA, rather than MA*. Table 
II gives the thermodynamic association constants for the rare earth and 
transition metal oxaloacetates. These constants are for the formation of 
the 1 : 1 complex at 25°. Activity coefficients are calculated from the Da- 
vies equation. 


TABLE 2. — Thermodynamic Association Constants for Oxaloacetates at 25°. 


La*+ Gd*+ y*+ Dy*+ Lu*+ ; Zn*+ Cu*+ Ni*+ Co*+ Mn*+ Cat+ 


10-*K 180 350 430 460, 750 1.7 74 2.8 1.3 0.7 0.3 
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The association constants of the rare earth oxaloacetates have been 
discussed [22]. The stability of the transition metal complexes varies from 
calcium to zinc in the expected manner. The association constant for 
copper oxaloacetate measured directly in this way is in excellent agree- 
ment with the value derived from kinetic data [9]. 

The catalytic power of these ions in the decarboxylation reaction have 
been studied by a manometric method [11, 19]. In an appropriate low pH 
range and with low catalyst concentrations the decarboxylation accura- 
tely follows a first order rate law, with the rate of decarboxylation given 


by an equation of the form 
d{CO,] / dt =k, [H,A] + k, [HA~] + kf A>] + &, [MA] 


where H,A, HA~, A~, and MA represnt oxaloacetic acid, its two anions, 
and the catalytically active complex respectively, and k,, k,, A,, and k, 
the corresponding first-order rate coefficients. The observed first-order rate 
coeflicient, k,,, is related to the rate constant for the decomposition of the 
complex, k, and to the coefficient for the uncatalysed reaction, 4,, by 


(k ‘, | @.C) k, K{H*]~* + censtant 


where ¢ is the free metal ion concentration, which remains effectively un- 
changed, .v involves the ionisation constants of oxaloacetic acid and the 
hydrogen ion concentration, and A is the association constant for the 
complex MA. k.K is obtained from the plot of (A kv. ¢) against 


l 


[/7*] ' Table 3 gives the catalytic rate coefficients in se¢ units for the 


transition metal ions at ionic strength 0.1 at 37°. 


TABLE 3. Rate Coefficients k. K for Transition Metal Ions at 37 


Zn=* Cu*+ Ni-* o-* Mn*=* Ca-+ 
7.4 700 10.2 , +. 0.14 


The catalytic rate constants reflect the interaction of metal ion and 
substrate in the transition state of decarboxylation and the thermody- 
namic association constants are a measure of this interaction in the ini- 
tial state. If no electronic transitions are involved in the transition state 
one would expect the energy of activation for decarboxylation to be a con- 
stant fraction of the free energy of association for a series of similar metal 
ions. A linear free energy relationship of this would be involved in a linear 
plot of the logarithm of k, or of k,A against the logarithm of the associa- 
tion constant A. The fig. 1 shows that such a relationship is roughly fol- 
lowed for the transition metal ions, when account is taken of the presence 
of the proportion of catalytically inactive enolic copper oxaloacetate, which 
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results in the cupric ion appearing a less effective catalyst than would be 
expected from its overall association constant. The 3d electrons of these 
transition metal ions are involved to a varying extent in chelate forma- 
tion. With the rare earth ions the inner 4/ electrons are not likely to be 
involved in this way. In this series a linear free energy relationship of the 


3 


Ca Mn Co Zn Ni 


2 3 4 5 


Catalytic Power and complex stability for transition metal oxaloacetates. 


‘O Association constant for Copper dimethyloxaloacetate). 


above kind was found for the diamagnetic rare earth ions, but the rate 
coefficients for the paramagnetic Gd** and Dy** ions are definitely higher 
than the values interpolated from these linear plots [11]. This effect ap- 
pears to be connected with the presence of unpaired 4/ electrons, and is, in 
fact, roughly proportional to the spin magnetic moment of the ions. A 
comparison of the transition state for decarboxylation with that for cis- 
trans isomerisation of ethylenic compounds suggests the possibility that 
the paramagnetic ions may be acting in a similar way in both cases in fa- 
vouring a non-adiabatic reaction path involving a low lying excited ele- 
ctronic state [23]. 

Paramagnetic ion catalysis shows up more strikingly in a study of 
carbon-13 isotope effects in the decarboxylation reaction [24]. 

It appears that these paramagnetic ion effects associated with a 
change in electron multiplicity can cause significant and interesting devia- 
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tions from the general parallelism that clearly exists between the thermo- 
dybamic tendency of metal ions to form active complexes and their cata- 


lytic power in this decarboxylation reaction. 
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Metallionen katalysierte Autoxydation von Aminen 


SILVIO FALLAB 


Anstalt fir anorganische Chemie der Universitat, Basel — Schweiz 


Zusammenfassung: Cu* + und CO2+ wirken kraftig katalysierend auf die Oxy- 
dation von o-Phenylendiamin. Ni2+ hemmt di Sauerstoffaufmahme ga&nzlich. Pyridin- 
2-aldehyd beschleunigt die Wirkung des Co2+, hemmt jedoch die Cu2 + Katalyse. Py- 
ridin-4-aldehyd hat keinen bezeichenden Einfluss. EDTA hemmt die Aktivitaten aller 
Metallionen. Eine einfache Beziehung zwischen den spezifischen katalytischen Aktivi- 
taten der verschiedenen Metallionen und der e1 rechenden Stabilitat der Komplexe 


konnte nicht ermittelt werden 


Es ist bekannt, dass Co** in Gegenwart von gewissen Komplexbild- 
nern durch Luftsauerstoff leicht zur Cobalt-I1Stufe oxydiert wird. Wir 


studierten solche Oxydationen in on 
verdiinnter, neutraler Lésung mit — 
Hilfe der Warburg-Technik, und 300 
wir fanden, dass die Geschwindig 

keit der Sauerstoff-Aufnahme stark 

von der Natur des Komplexbildners 
abhangig ist. So ist die Oxydation 

z. B. in Gegenwart von NH, Aussert 
langsam, in Gegenwart von Aethy 
lendiamin ziemlich rasch, und in 
Gegenwart von Dypyridy! ist bei 

30° tiberhaupt keine Oxydation zu 
beobachten. 


Bei der Verwendung von o-Phe- 
nylendiamin machten wir die Beo- 
bachtung, dass weit mehr als ein 
Aequivalent 0, aufgenommen wird 
(Fig. 1). Es handelt sich hier um 16. 1 — Manometrisch gemessene Sauerstoff- 


ifnahme. o-Phenylendiamin 2,5.10— m, 


die Autoxydation des Komplexbild- 1+ = 25.10—3. 


ners, die in Gegenwart von Co* + i O,-Aufnahme berechnet fir die Oxydation 


von Co*+ 


mit messbarer Geschwindigkeit ver- B Gemessone O;-Aufnahan 
lauft. Diese Beobachtung war der C Zusatz von Pyridin-2-aldehyd 2,5.10 


D Kontrollversuch mit Pyridin-2-aldehyd ohne 


Ausgangspunkt der folgenden Un- Co? + 
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tersuchung tiber Oxydationen, die durch Schwermetallionen katalysiert 
werden. 

Wir fanden nun, dass die Sauerstoflaufnahme in Gegenwart von 
Co* * noch weiter beschleunigt werden kann durch einen Zusatz von Py- 
ridin-2-aldehyd in Aquivalenter Menge zum Kobalt (fig. 1 C). Es bildet 


= 


sich dabei intermediir eine Schiff’sche 


mmo —_— —— 
2 


Base und Co** katalysiert die Aut- 
oxvdation dieser Schiff’schen Base. 

\us Fig. 2 ist zu ersehen, dass 
bei gleichbleibender Konzentration 
an Co" * und Pyridin-2-aldehyd die 
Geschwindigkeit der Sauerstoffaul- 
nahme ansteigt mit der o-Phenylen- 
diamin-Konzentration. Die Geschwin- 
digkeit ist hier also nicht proportional 
der Konzentration der Schiff'schen 
Base zur Zeit 0 und der Aldehyd 


stellt somit einen Teil des Katalysa- 


tors d: Er hat um einen Begrifl 


aus der Biochemie zu gebrauchen 
Koenzymcharakter. 
Man kann deshalb diese Reak- 
tion in gewissem Sinne als Modell ei- 
nes Metallenzyms, einer Oxydase, auffassen, in der die eigentliche Umset- 
zung des Substrats in der Koordinationssphare des Metallaktivators statt- 


N 


findet. Diese Reaktion ware hier die Uebertragung des Sauerstoffs auf 
das Substrat oder die Dehydrierung des Substrats unter Bildung von 


H,0.. 


METALLIONEN KATALYSIERTE 


Das Ziel unserer Arbeit war nun, 
zu ermitteln, wieweit Koordination, 
ev. Chelatbildung, die Geschwin- 
digkeit dieser Oxydation bestimmen, 
und wir studierten zu diesem Zweck 
den Einfluss verschiedener Metallio 
nen auf Kombinationen von o-Phe- 
nylendiamin und p-Phenylendiamin 
mit Pyridin-2-aldehyd und Pyri- 
din-4-aldehyd. Die entsprechenden 
Schiffschen Basen stellen je nach 
dem einen drei-, zwei- oder einzah- 
nigen Komplex-bildner dar (Fig. 3). 

Die Substratkonzentration be- 
trug bei gen folgenden Versuchen 
immer 2,5.10~* und an Katalysa 
tor, also Metallion und Aldehyd, 
wurde 1/10 oder 1/25 Aequivalent 
hinzugefiigt. ANe Versuche fihrten 
wir in Veronalpuffer vom pH 7 
bei 30° durch. 

Die Oxydation von o-Pheny 


lendiamin in Gegenwart von Pyridin-2-ald 


; 
mm 0, 


Co*+Py-2-A 


0 


30 90 15Omin 
Fic. 5 Oxydation von o-Phenylendiamin in Gegenwart 
yon Co®+ und Cu?+ mit und ohne Zusatz von Pyri- 


din-2-aldehyd. 


YDATION VON AMINEN 


Oxydation von o-Phenylendiamin in Ge- 
von Pyridin-2-aldehyd und verschie- 

\Metallionen 

Kontrollkurve Oxvdation ohne Metal- 


satz 


hyd wird nun ausser durch Ko- 
balt stark beschleunigt durch 
Cu**, und in geringem Mas 
se auch durch Mn** und Mg**. 
Fe* * wird selbst sofort zu Fe** 
oxydiert und zeigt nur geringe 
katalytische Aktivitat. Zn* * ist 
vollig inaktiv und die Ni** Kur- 
ve liegt unter der Kontrollkurve 
(Fig. 4). Nickelhemmt also die 
Oxydation der Schiff’schen Base. 

Die beiden Metallionen, die 
am starksten wirksam sind, Ko- 
balt und Kupfer, zeigen in ihrer 
Wirkung interessante Unter- 
schiede (fig. 5). Pyridin-2-alde- 
hyd verstarkt, wie schon er- 
wahnt, die Kobaltkataiyse, 
hemmt aber die Kupferkatalyse. 
Das ist ein deutlicher Hinweis 
dafiir, dass Koordinationsreak- 
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tionen eine grosse Rolle spielen. Durch die Bildung der Schiffschen Base 
mit Pyridin-2-aldehyd wird o-Phenylendiamin zu einem dreizahnigen 


Komplex bildner. Dies wirkt stabilisierend auf das Kobaltchelat und 


begiinstigt offenbar die Katalyse. Beim Kupfer hingegen stehen nur vier 
Koordinationsstellen in ebener Anordnung zur Verfiigung. Hier kann eine 
dritte basische Haftstelle des Liganden hemmend wirken. 

Pyridin-4-aldehyd hat nur geringen Einfluss auf die Katalyse, so- 

wohl beim Kobalt als auch beim Kupfer. Das ist verstandlich, denn die 

sildung der Schiff’schen Base mit Pyridin-4-aldehyd hat keine wesentli- 
che Aenderung der Kooridnationsfaihigkeit des Substrats zur Folge. 

Ktwas anders sind die Verhaltnisse beim p-Phenylendiamin. Magne- 

pein sium, Mangan, Eisen und Zink sind 

hier vollig inaktiv. Die Kobaltkata- 

lyse ist sehr stark und die Kupfer- 

katalyse mittelstark. Aber sowohl 

Pyridin-2-aldehyd wie Pyridin-4-al 

dehyd haben nur geringen Einfluss 

auf die Geschwindigkeit der Sauer- 

stoffaufnahme. Die mit Pyridin-2- 

aldehyd médgliche Chelatbildung 

scheint bei dieser Katalyse demnach 

keine oder nur eine unwesentliche 

\olle zu spielen. Dass aber auch 

hier Reaktion in der Koordinations- 

spihre des Metallions stattfinden 

muss, zeigen Versuche mit EDTA, 

EDTA besetzt alle Koordinations- 


stellen des Metallions und hat ta- 

‘henylendiamin, kata- {siichlich vollstandige Hemmung, so- 
Hemmung dure! ; 

wohl der Kobaltkatalyse als auch der 

Kupferkatalyse zur Folge (Fig. 6). 

Interessant sind die Verhdltnisse beim Nickel (Fig. 7). Ein Zusatz 
von Ni~* allein beschleunigt die Oxydation nicht. Auch in Gegenwart 
von Pyridin-4-aldehyd ist die Sauerstoffaufnahme nicht rascher. Hinge- 
gen wird die Oxydation der Schiff'schen Base von p-Phenylendiamin mit 
Pyridin-2-aldehyd, die einen zweiszihnigen Komplexbildner darstellt, 
durch Nickel katalysiert. Damit Nickel die Dehydrierung wirksam be- 
schleunigen kann, ist offenbar Chelatbildung notwendige Voraussetzung. 
Auch diese Nickelkatalyse wird durch EDTA vollstandig gehemmt. 

Ich méchte noch einmal zurickkommen auf die Oxydation von 
o-Phenylendiamin. Nickel war hier vollstindig inaktiv. Wir versuchten 
nun die durch Kobalt und Kupfer beschleunigte Oxydation von o-Pheny- 
zusetzten. Ientsprechend der 


+ 


lendiamin zu hemmen, indem wir noch Ni* 
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8B 
A 


90 150 min 


Oxydation von p-Phenylendiam 1 Gegenwart von Ni*+. 
4 ohne Ni*+-Zusatz, 
B Nit Pyridin-4-aldehyd, 
Cc NUt Pyridin-2-aldehyd. 


Irving-William’schen Stabilitatsreihe ist vorauszusehen, dass die Stabi- 
litat der Komplexe in der Reihe Cu* * > Ni’ *> Co* * abnimmt. Nickel 
miisste demnach die Kobaltkatalyse stark hemmen, da Ni° * das stabilere 
Chelat bildet. Die Kupferkatalyse hingegen diirfte nur wenig beeinflusst 
werden, da Cu* * sich surch Ni* * nicht verdrangen |asst. 


3 
mm 0, 


2+ 
*Ni > 5-fold 


_ 


er abe eseeess gress? 


30 90 1SOmin 


Fic. 8. —- Durch Co*+ und Cu*+ katalysierte Oxydation vor Phenylendiamin. Hemmung durch Ni*+, 


Wie aus den Warburg-Diagrammen der Fig. 8 hervorgeht, bestatigt 
sich diese Voraussage. Ein Zusatz der 5-fachen Menge an Nickel hemmt 
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die Kobaltkatalyse empfindlich, hat aber keinen Einfluss auf die Kupfer- 
katalvse. Erst ein zwanzigfacher Nickeliiberschuss macht sich hier be- 
merkbar. 


DISKUSSION 


Schwarzenbach (Ziirich) \s tar as I remember 


orrectly, the mechanism of the oxydation 
yphenols and aromatic polyamines has been studied by Weissberger (Kodak, U.S.A.). 
e should certainly trv if use could be made of Weissberger ideas in understanding the results 


